




























Digital Filters for Seismic Signal Processing
Shigeo KINOSHITA
Yokohama City University,
Visiting Researcher of National Research Institute for Earth Science and Disaster Prevention, Japan
Abstract
This report describes digital fi lters for seismic signal processing.  In the fi eld of seismic data acquisition and seismic
data processing, minimum-phase fi lters play an important role in order to retain the causality of seismic signals.  The
minimum-phase fi lters are required in particular for the conversion of seismic signals recorded by using linear-phase
decimation fi lters to minimum-phase signals.  Two methods for designing minimum-phase fi lters, Hilbert transform
method and cepstrum method, are explained.  Matlab programs for designing minimum-phase fi lters based on these
two methods are also explained.  Two applications of minimum-phase fi lter to the digital fi lter representations that are
equivalent to site and path effects, and to the design of decimation fi lters, are explained.  One application shows that site
and path effects are realized by using minimum-phase fi lters.  As the application of minimum-phase fi lters to the design
of decimation fi lter, this report shows an example by using the CS5376 decimation fi lter manufactured by the Crystal
Semiconductor.
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ུ༭͈࣬ၑაഎ෸ࠊ͂́͜࡞̧̠͓͈̜́ͤ͜ȄFIR߿





༹̞༷͉ͥȄষତ͈ఱ̧̈́ FIR fi lterͅచ̱̀৘ဥഎ̜́
ͤȄમ̱̞႕͜া̱̞̀ͥḙ̷̭͉͈̏́મळͬা̯̈́
̥̹̦̽Ȅdecimationۼڞͬ಺ା༹̳༷͉ͥȄK-NET95
߿ޑૼ͈ࠗ decimation fi lter͜ͅဥ̞̤ͣͦ̀ͤȄΧȜΡ











໦͉Ȅஜ฼́୰ྶ̱̹ minimum-phase fi lter͈؊ဥ̜́ͤȄ
2͈̾႕ͬা̱̞̀ͥȅ͉֚̾Ȅೄో৘ఘ෨͈୆଼ً೾ͬ
൝ث̈́ digital fi lteŕນ࡛̳ͥܿ੅̜́ͥḙ͉̏ͦͅȄ౷
ૼ෨̷̦͈ഥ෥ً೾́਋̫ͥ་಺̦Ȅ͈̠̓̈́͢ digital
fi lter͈̥ͥͬ͢͜ͅȄ΍ͼΠ࢘ض͂ഥ෥ࠐႹ࢘ض̞̾ͅ
̀੆͓̹͈̜́ͥ͜ȅࠫ ა̥ͣ࡞̢͊Ḙ̏ ͈ 2͈̾࢘ض͉Ȅ
minimum-phase fi lterͬ୭̳̭ࠗͥ͂͂൝ث̜́ͥȅૼ࡙
ً೾͉Ȅ֦ض଻͈ٽැͬ঵̹̞̈́ૼ࡙শۼ۾ତͅచ̱̀Ȅ
ͼϋΩσΑවႁͅచ̳ͥ fi lter؊൞ ) අͅȄlinear- phase




̜́ͤȄঌ์̯̞ͦ̀ͥ CS5376߿ decimation fi lterͅచ
̳ͥ minimum-phase fi lter͈୭̜ࠗ́ͥȅ
̯ ̀Ȅ ̭ ͈ ઀ ໲ ͈ ఱ ໐ ໦ ͬ ୸ ͛ ̀ ̞ ͥ FIR ߿
















2. Digital fi lter . ̷͈֚႕ : sinc fi lter 
஠͈͉̲̀͛ͅȄ2͈̾ဥࢊͬ೰̱̠݅͢ȅ֦ض଻
)Causality* ͂հ೰଻ )Stability* ̜́ͥȅ̴͘Ȅz་۟ນা
̯̹ͦ fi lter H)z* ͈ͼϋΩσΑ .؊൞ {h(k∆T)}̦Ȅ∆Tͬ
ດུاশۼ̱͂̀Ȅ
̈́ͥૄ࠯ͬྖ̧̹̳͂Ȅfi lter H)z* ͉֦ض଻ͬྖ̹̳͂࡞
̠ȅ̹͘Ȅ
̈́ͥૄ࠯ )absolutely summable͂࡞̠ * ͉Ȅfi lter H)z* ̦
հ೰଻ͬခ̳̭͈ͥ͂ຈါ਱໦ૄ࠯̜́ͥḙ͈̏ 2͈̾









͈ໝள cepstrum c(k)ͬဥ̞ͥȅk < 0̤̞̀ͅȄc(k) = 0͂
̭̦֦̈́ͥ͂ض଻͈ຈါ਱໦ૄ࠯̜́ͥḙ̞̏ͦ̾̀ͅ
͉Ȅ3.2́႕ͬ܄͛̀મ੆̱̠͢ȅ̹͘Ȅհ೰଻͈฻೰ͅ
͉Ȅ༊ুࡨ௖۾߸ତ ) ฽ৣ߸ତ *κͬဥ̞ͥḙ͉̏ͦȄ͘
̴Ȅfi lter H)z* ͈໦༦ఉࣜ৆͈߸ତႥ̥ͣȄ༊ুࡨ௖۾߸
ତ̥ͣুࡨٝܦً೾͈ٝܦ߸ତͬݥ͛ͥ Durbin-Levinson
͈ͺσΌςΒθͬݙͅ၌ဥ̱̀Ȅκͬݥ͛ͥȩ̭͈̏͂Ȅ
fi lter H)z* ̦հ೰଻ͬྖ̹̳ຈါ਱໦ૄ࠯͉Ȅ஠͈̀ κ̦Ȅ
|κ| < 1̭̜͂̈́ͥ͂́ͥḙུ༹͈༷̏ͬ༭࣬́ೄ୪ঀ̠̭
͉̞̦͂̈́ȄSchur-Cohn͈฻೰༹͂࡞ͩͦͥ )Proakis et 











̠ȅ̴͘Ȅၑேഎ̈́೩֖೒ً fi lter H)λ* ͬࣉ̢̠͢ȅ!






͂̈́ͥȅྶ̥ͣͅȄk < 0́ h(k) ≠ 0̥͂̈́ͥͣḘ͈̏
fi lter͉֦ض଻ͬྖ̹̯̞̈́ȅ࡬ͅȄࠗॳܥ͈ඤ໐͈ݹ͈
ଲٮ́৘࡛੄ြ̀͜Ȅ໤ၑഎͅ৘࡛ະෝ̜́ͥȅ࡛৘࿚
ఴ̱͂̀Ȅh(k* ͬশۼ৊ષ́ୃ̴͈༷̱࢜ͣͅȄk < 0́
h(k) = 0̱͂̀఑̻୨ͤȄ֦ض଻͈࿚ఴͬ߃যഎٜͅࠨ̱






̢͉̞͂Ȅષܱ h(k* ͈အ̈́ sinc۾ତ߿͈ͼϋΩσΑ؊
൞ͬ঵̾ fi lter͉Ȅ೩֖೒ً fi lter͈අ଻ͬခ̳̜̠ͥ́ͧ
̱Ȅ৤͉̀ͥͅ୙̱̞ܨ̦̱̠͢ḙ̭͉̏́Ȅdigital fi lter
͈֚႕̱͂̀Ḙ͈̠̏̈́͢ sinc߿͈ fi lter ̞̾̀ͅ੆͓͢
̠ḙ͉̏ͦȄ৘ဥ࿚ఴ̤̞̀ͅȄඅͅȄ೩ষ͈ sinc fi lter
̦̱̱͊͊၌ဥ̯̭ͦͥ͂ȄඅͅȄΧȜΡ;΀ͺ͈ࢹ଼
̦ယօ́ȄບثδȜΡ͞৘ष͈ decimation fi lter ͅழ͙ࣺ
̭̥ͦͥ͂ͣ͘͜Ȅdigital fi lter ͈ड੝͈႕̱͂̀਋̫ව
̠ͦͣͦ͢ḙ̭͉̏́Ȅड੝ͅȄ೩ষ͈ sinc fi lterͬȄষͅȄ
ࣞষ͈ sinc fi lter̞̾̀ͅࣉ̢̠͢ȅ࿔აḘ͈̏ 2.́੆͓
ͥ digital fi lter͉ȄFIR߿̜́ͤȄ̷͈߸ତ̦ͼϋΩσΑ
؊൞͈̜͂̈́ͥ́ͥ͜ȅ̹͘Ȅ൚ட͈ম̦֦̈́ͣض଻͂
հ೰଻ͬྖ̹̱̞͈̜̀ͥ́ͥ͜ȅ




۾ତ̜́ͥȅొ̱Ȅsinc(±π) = 0̜̥́ͥͣȄfi lter {h(k)}
͉ 2͈̾߸ତ̥ͣ̈́ͥड઀͈ sinc fi lter̭̦͂̈́ͥ͂฻ͧ
̠ȩ̭͈̏͂Ȅconst. > 1/0.8270̳͂ͥ͂Ȅfi lter {h(k)}͉




1 + z-1 = 2exp[-iλ/2]Ȇ cos(λ/2)
̥͂̈́ͥͣḘ͈̏ fi lter͉ linear-phaseඅ଻ͬခ̱Ȅ߲ಁ
װ̦ 1/2ດུତ͂̈́ͥȅ̹͘Ȅ(1 + z-1 )n̦ nষ͈ sinc fi lter
͂̈́ͥḙ̦̏ͦड͜۰ౙ̈́ sinc fi lter͈ࢹ଼༹̜́ͤȄ৘
ဥષခဥ༹༷̜̈́́ͥȅn = 4Ȅ5ݞ͍ 6ষ͈ sinc fi lterͬ੥
̧ئ̵͊Ȅոئ͂̈́ͥȅ
̭͈ H4(z)-H5(z)ݞ͍ H6(z)͈ sinc fi lter̞̾̀ͅ૦໙අ଻
ͬা̳͂Ḙ͉̏ͦȄ଎ 2.1͂̈́ͥȅ४ࣉ͈̹͛Ȅ଎ 2.1ͬ
ݥ͈͛ͥ́͘ mέ͹ͼσ )sinc_chain.m* ͬոئͅা̱̀
̤̭̠ȅྶ̥ͣͅȄNyquistਔ෨ତͬ৭౯ਔ෨ତ̱̞͂̀
̭̦ͥ͂฻̠ͧȅ
    % sinc_chain.m
    clear all
    norder=6;   % norder = 4,5 or 6
    % Calculation of the 1st-order Sinc fi lter
     % Impulse response (Filter coeffi cients)
     N=1; NN=N/2;
     x=linspace(0,N,4); %  0 <= x <= 1
     y=sinc((x-NN)/NN); %  y = sin(pi*x)/(pi*x) for x~=0
%    = 1                for x==0
%  sin(-pi) <= y <= sin(pi)
     yy([1:2])=y([2:3]);
     yymax=max(yy)
     yy=yy/yymax; y=y/yymax;
     plot(x,y,'o:')
     title('Normalized impulse response of the 1st-order Sinc fi lter')
     % Magnitude reponse of nth-order Sinc fi lter
     WN=32;
     w=linspace(0,pi,WN);
     w1=w/pi;
     s=freqz(yy,1,w); % Magnitude response of 1st-order
% Sinc fi lter
     s=s.^norder; % Magnitude response of nth-order
% Sinc fi lter
     % Impulse response of nth-order Sinc fi lter: H(z)=(1+1/z)^n
     b1=[1 4 6 4 1];         % n=4 
     b2=[1 5 10 10 5 1];     % n=5
     b3=[1 6 15 20 15 6 1];  % n=6
     % Magnitude response of the nth-order Sinc fi lter
     s1=freqz(b1,1,w);
     s2=freqz(b2,1,w);
     s3=freqz(b3,1,w);
     % Plotting of magnitude responses of Sinc fi lters
     fi gure
     plot(w1,20*log10(abs(s)),'o',w1,20*log10(abs(s1)),'-',w1,20*
log10(abs(s2)),':',w1,20*log10(abs(s3)),'-.')
     title('Sinc fi lter chain'); 
     xlabel('Frequency normalized by Nyquist freq.');
     ylabel('Magnitude in dB')
     legend('6th-order','4th-order','5th-order','6th-order');
     % End of program




ȁষࣞͅষ͈ sinc fi lter͈႕ͬা̷̠ȅ଎ 2.2͉Ȅষତ
̦ 257Ȅ৭౯ਔ෨ତ̦ Nyquist frequencyͬ π̧̱̹͂͂Ȅ
0.5͂̈́ͥ sinc fi lterͬ 2౲΃ΑΉȜΡͅ୪௽̱̹ FIR߿









Hilbert ་۟ͬဥ༹̞༷ͥ )function໲ mps.m͂ࢃ௽̳ͥ
ݙ Fourier་۟ * ͤ͢ͅȄminimum-phase fi lterͬݥ̞͛̀
ͥȅං̹ͣͦ FIR߿ minimum-phase fi lter͈ͼϋΩσΑ؊
൞ͬນা̱̹ࢃȄzplane͈΋ζϋΡͬဥ̞̀Ȅlinear-phase
fi lter͈ޭ . ႟ത෻౾ͬা̱Ȅfi lter͈၌ංඅ଻ͬ freqz͈
΋ζϋΡͬဥ̞̀ࠗॳ̱Ȅࠫضͬນা̳ͥȅडࢃͅȄං
̹ͣͦ minimum-phase fi lter͈ޭ . ႟ത෻౾ͬা̱Ȅfi lter
͈၌ංඅ଻ͬນা̱̞̀ͥȅ۰ౙ̈́ίυΈρθ̜̥́ͥ
ͣȄ֚උ̷̳͈ͦ͊ඤယ̦฻̠ͧȅ
   % sinc2Sample.m
    % Test program for calculating the minimum-phase sequence
    % of sinc function
    % Generation of sinc function
    x=[0:1:256];
    y=sinc(6.365*pi*x/256-3.1825*pi);
    y=y.^2;
    % Plottng of linear-phase 2nd-order sinc fi lter
    plot(x,y)
    fi gure
    % Create minimum-phase fi lter
    h=mps(fft(y));
    % Generate minimum-phase sequence
    hh=ifft(h);
    hh=real(hh);
    % Plotting of minimum-phase sequence
    plot(x,hh)
    fi gure
    % Pole/zero diagram of linear-phase sequence
    zplane(y,1)
    fi gure
    % Transfer function of linear-phase fi lter
    [h1,w1]=freqz(y,1,512);
    plot(w1,20*log10(abs(h1)));
    title('Linear-phase sinc^2 FIR lowpass fi lter');
    xlabel('Normalized angular frequency');
    ylabel('Magnitude in dB');
    fi gure
    % Pole/zero diagram of minimum-phase sequence
    zplane(hh,1)
     fi gure
     % Transfer function of minimum-phase fi lter
     [h2,w2]=freqz(hh,1,512);
     plot(w2,20*log10(abs(h2)));
     title('Minimum-phase sinc^2 FIR lowpass fi lter'); 
     xlabel('Normalized angular frequency');
     ylabel('Magnitude in dB');
     % End of program
ࠫض͈୰ྶ̱̠ͬ͢ȅඅͅȄsinc fi lter͈අಭݞ͍ FIR߿
linear-phase fi lter ͂ FIR ߿ minimum-phase fi lter ͈֑̞ͅ
ಕփ̱̀ࡉ̞̭̠̀ȅ଎ 2.2ͅা̱̹ sinc fi lterͬ FIR߿
͈ minimum-phase fi lterͅ་̧̱̹͈۟͂ͼϋΩσΑ؊൞
̦଎ 2.3̜́ͥȅFIR߿͈ linear-phase fi lter̥ͣ FIR߿͈
minimum-phase fi lterͬݥ༹༷̞͉͛ͥ̾̀ͅȄ3.͂ 4.́
મ̱̩੆͓͈ͥ́Ḙ̭͉̏́ࠫض͈୰ྶ͈͙̱̠ͬ͢ȅ








FIR߿ linear-phase sinc fi lter͈ޭ . ႟ത෻౾̜́ͥȅ໅͈
৘৊ષ́Ȅౙպ׫ٸ͈֚̾ͅ႟ത̦ంह̳͈̦ͥ฻̠ͧȅ
̭͈଎͉́Ȅࡔതັ߃͈ޭ . ႟ത෻౾̦උ͙̞͈͂ͦ̈́
́Ȅڐఱ̱̹͈ͬ͜଎ 2.5ͅা̷̠ȅ଎ 2.4͂଎ 2.5̥ͣ
฻̭͉ͥ͂Ȅౙպ׫͈ٸ͂ඤͅ௖฽۾߸̜ͥͅ႟ത͈ழ
̦ంह̳̭̜̠ͥ͂́ͧȅFIR߿ linear-phase fi lteŕ͉Ȅ
ౙպ׫ષ͜܄͛̀Ȅౙպ׫͈ඤٸͅ௖฽۾߸̜ͥͅ႟ത
̦ంह̳ͥȅ




̞ࣞ೩֖೒ً fi lterͬैͥાࣣȄsinc fi lter͈͙̥̭ͣͦͬ
ࢹ଼̳̭͉̥ͥ͂̈́ͤܓࡏ̜́ͥȅষ౲ͅ༞ੲဥ͈ fi lter
ͬဥփ̳ͥຈါ̦੄̩̭̀ͥ͂ͅၣփ̱̤̭̠̀ȅ̯̀Ȅ
FIR߿ minimum-phase fi lter͒་̱̹۟଎ 2.3͈ fi lteŕ͉Ȅ
̷͈ޭ . ႟ത෻౾̦଎ 2.7͈အ̈́ͥͅȅlinear-phase fi lter
͂๤ڛ̳ͥ̈́ͣ͊Ȅౙպ׫ٸͅޭ͜႟ത͜ంह̱̞̭̈́
̦͂฻̠ͧȅౙպ׫ષ͈႟ത͈ե̞̞͉̾̀ͅಕփͬါ
̳̦ͥ )3.1४ચ *Ḙ̭͉̏́Ȅ༒ܽഎ͉̜̦́ͥȄ଎ 2.7
ͅা̳̠͢ͅȄౙպ׫ٸͅྶၸͅంह̱̞̈́ޭ͂႟ത̥
ͣ̈́ͥ digital fi lterͬminimum-phase fi lter͂ࣉ̢̤̭̠̀ȅ
̭͈ FIR߿ minimum-phase fi lter͈૦໙අ଻ͬ଎ 2.8ͅা
̳ȅ଎ 2.6͂๤ڛ̱̀Ȅ͕͖൳͈֚૦໙අ଻͈̦͂̈́ͥ฻
̠ͧȅ
ȁ̯̀Ḙ̭͉̏́͘Ȅsinc fi lterͬ 2౲΃ΑΉȜΡ୪௽̱
౷ૼ෨ੜၑဥΟΐΗσȆέͻσΗȽ࿐ئ
Ƚ!15 Ƚ
̹ digital fi lterͬ linear-phase fi lter͈ાࣣ͂ minimum-phase 
fi lterͅ໦̫̀া̧̱̹̦̀Ȅsinc fi lter͈डࢃ͈႕̱͂̀Ȅ
΃ΑΉȜΡ୪௽͈౲ତ̧̤̞ͬ̽̀͜ 5̱̹͂ાࣣͬࡉ
̤̭̠̀ȅ଎ 2.9̦ FIR߿ linear-phase fi lteŕ̜ͤȄ͕͖
२ڙ෨ͅ߃̞ͼϋΩσΑ؊൞ͬা̱̞͈̦̀ͥ฻̠ͧȅ






଎ 2.9͈ FIR߿ linear-phase sinc fi lter̥ͣࠗॳ̱̀ංͣ






fi lterͬࠗॳ̱̹և̜́ͥḙ͉̏ͦȄհ೰̈́ fi lterͬං̹ͥ
༹͈̜͛ܿ́ͥȅ̤̈́Ȅ೒ًఝ֖͈႟ਔ෨ତັ߃͈́૦






ͩͥ͠ Butterworth fi lter ͉̩́̈́ȄFIR ߿ digital fi lter ́
डఱ໹౛අ଻ͬ߃য̱̹͈̜́ͥ͜ȅਲ̽̀Ȅ೒ًఝ֖
͉ͅ৹͈ۙςΛίσඅ଻̦୆̲͈̜ͥ́ͥ͜ḙ̭̏́ࣉ
̢ͥ FIR߿ डఱ໹౛ linear-phase fi lter ͉Ḙ̏ͦ́͘੆͓
̧̹̀ sinc fi lter͂൳̲৭౯ਔ෨ତඅ଻ͬခ̱Ȅষତͬ 99
̳͂ͥȅං̹ͣͦ FIR߿डఱ໹౛ linear-phase fi lter͈ͼϋ
ΩσΑ؊൞̦Ȅ଎ 2.18̜́ͤȄ̷͈ޭ . ႟ത෻౾͉Ȅ଎
2.19͂̈́ͥȅ̹͘Ȅ૦໙අ଻ͬȄ଎ 2.20ͅা̳ȅઁ̩̈́
͂͜Ḙ͈̏଎̥͉ͣȄ೒ًఝ֖́໹౛අ଻̞̈́̽̀ͥͅ
̠͢ͅࡉ̢̠͢ȅ଎ 2.21Ȅ22ݞ͍ 23ͅ minimum-phaseͅ
་̱̹۟डఱ໹౛ fi lterͬা̳ȅ଎ 2.22͉Ȅ஠͈̀ޭ͂
႟ത̦ྶ̥ͣͅౙպ׫ඤͅంह̱Ȅlinear-phase fi lter͈
ޭ .႟ത෻౾଎̜́ͥ଎ 2.19͂๤ڛ̱̀Ȅminimum-phase 
fi lteṟ͈͂̀අ଻ͬခ̱̞̭̀ͥ͂া̱̞̀ͥȅ̹͘Ȅ
૦໙අ଻ͬা̳଎ 2.23͉Ȅsinc fi lter͈૦໙අ଻଎ 2.16͂
๤ڛ̱̀Ȅ೒ًఝ֖̦໹౛̜̭́ͥ͂͜฻̠ͧḙ͈̏ඵ
͈̾ FIR fi lter͈ষତ͉Ȅsinc fi lteŕ 257Ȅडఱ໹౛ fi lter
́ 99̜́ͥȅ̻͈̓ͣ fi lter͜೒ًఝ֖͂ஷগఝ֖ۼ͈
ࡘଚၾ̦ 135dB̜́ͤȄͤ͢໹౛̈́೒ًఝ֖ͬခ̳ͥത
̥ͣࡉͦ͊Ȅडఱ໹౛ fi lter͈༷̦ sinc fi lterͤ͢࿹̞ͦ̀
̠ͥ͢ͅএ̢̦ͥȄ೒ًఝ֖͂ஷগఝ֖͈ۼ͈஗֊ఝ֖





Fig. 2.1 Magnitude responses of sinc fi lters.
଎ 2.2 2ষ͈஌ࠁպ௖ sincέͻσΗ͈ͼϋΩσΑ؊൞
Fig. 2.2 Impulse response of second-order linear-phase sinc fi lter.
଎ 2.3 2ষ͈ड઀պ௖ sincέͻσΗ͈ͼϋΩσΑ؊൞




଎ 2.4 ஌ࠁպ௖έͻσΗ͈ޭ .႟ത෻౾଎
Fig. 2.4 Pole/zero diagram for linear-phase fi lter.
଎ 2.5 ଎ 2.4͈મळޭ .႟ത෻౾଎
Fig. 2.5 Pole/zero diagram detail of Fig.2.4.
଎ 2.6 2ষ͈஌ࠁպ௖ sincέͻσΗ͈૦໙අ଻




଎ 2.7 ड઀պ௖έͻσΗ͈ޭ .႟ത෻౾଎
Fig. 2.7 Pole/zero diagram of minimum-phase fi lter.
଎ 2.8 2ষ͈ड઀պ௖ sincέͻσΗ͈૦໙අ଻
Fig. 2.8 Magnitude response of second-order minimum-phase sinc 
fi lter.
଎ 2.9 5ষ͈஌ࠁպ௖ sincέͻσΗ͈ͼϋΩσΑ؊൞
Fig. 2.9 Impulse response of fi fth-order linear-phase sinc fi lter.
౷ૼ෨ੜၑဥΟΐΗσȆέͻσΗȽ࿐ئ
Ƚ!19 Ƚ
଎ 2.10 ஌ࠁպ௖έͻσΗ͈ޭ .႟ത෻౾଎
Fig. 2.10 Pole/zero diagram of linear-phase fi lter.
଎ 2.11 ଎ 2.10͈મळޭ .႟ത෻౾଎
Fig. 2.11 Pole/zero diagram detail of Fig.2.10.
଎ 2.12 ଎ 2.11͈મळޭ .႟ത෻౾଎
Fig. 2.12 Pole/zero diagram detail of Fig.2.11.
ཡबشڠܿ੅ࡄݪਫ਼ࡄݪ༭࣬ȁల 66࣢ȁ2004ා 9࠮
Ƚ!20 Ƚ
଎ 2.13 5ষ͈஌ࠁպ௖ sincέͻσΗ͈૦໙අ଻
Fig. 2.13 Magnitude response of fi fth-order linear-phase sinc fi lter.
଎ 2.14 5ষ͈ड઀պ௖ sincέͻσΗ͈ͼϋΩσΑ؊൞
Fig. 2.14 Impulse response of fi fth-order minimum-phase sinc 
fi lter.
଎ 2.15 ड઀պ௖έͻσΗ͈ޭ .႟ത෻౾଎
Fig. 2.15 Pole/zero diagram of minimum-phase fi lter.
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଎ 2.16 5ষ͈ड઀պ௖ sincέͻσΗ͈૦໙අ଻
Fig. 2.16 Magnitude response of fi fth-order minimum-phase sinc 
fi lter.
଎ 2.17 ଎ 2.16͈૦໙අ଻̤̫ͥͅ೒ًఝ֖͈મळ଎
Fig. 2.17 Pass-band detail of Fig.2.16.
଎ 2.18 डఱ໹౛ FIR߿஌ࠁպ௖έͻσΗ͈ͼϋΩσΑ؊
൞




଎ 2.19 ஌ࠁպ௖έͻσΗ͈ޭ .႟ത෻౾଎
Fig. 2.19 Zero/pole diagram of linear-phase fi lter.
଎ 2.20 डఱ໹౛ FIR߿஌ࠁպ௖έͻσΗ͈૦໙අ଻








଎ 2.22 ड઀պ௖έͻσΗ͈ޭ .႟ത෻౾଎
Fig. 2.22 Zero/pole diagram of minimum-phase fi lter.
଎ 2.23 डఱ໹౛ FIR߿ड઀պ௖έͻσΗ͈૦໙අ଻




3. FIR߿ minimum-phase fi lter  
3.1 Minimum-phase characteristics
3.1.1 Minimum-phase signal͂ fi lter
͉̲͛ͅȄດུاশۼ ∆T́ດུا̯̹ͦດུ h(k∆T)
ͬࣉ̢̠͢ȅొ̱Ȅոئ͉́Ȅ๊֚଻ͬ৐̞ͩ̈́ࡠͤȄ




ခ̱Ȅ̥̾Ȅ༌௰૞࣢ )one-side signal* ̧̜́ͥ͂Ȅ


























̈́଻ৗͬ 4ത͕̓੆͓̤̭̠̀ )Berkhout, 1973*ȅ
ӱ ̜ͥ૦໙Αβ·Πσͅచ̱̀Ȅઁ̩͈֚̈́͂̾͜
minimum-phase signal̦ంह̳ͥȅ




















ͥ fi lter H)z* ͈஠͈̀႟ത̦ȄࡕڒͅȄౙպ׫ඤͅ
ం ह ̳ ͥ ͂ ̧Ȅinvertible ̈́ minimum-phase fi lter ͂ ࡞
̞Ȅ஠͈̀႟ത̦ౙպ׫ષ͂ౙպ׫ඤͅంह̧̳ͥ͂Ȅ
invertiblé͉̞̈́Ȫ๊֚ا̯̹ͦȫminimum-phase fi lter
͂࡞̠ȅࢃ੆̳̠ͥ͢ͅȄinvertible ̈́ minimum-phase 
fi lter ͉Ȅ֦ض଻ͬခ̳ͥ cepstrum ͬ঵̾ḙ͉̏ͦȄ




ޭ͂௖฽̈́պ౾̜ͬͥ஠֖೒ً fi lter͉Ȅmaximum-phase 
fi lter͈අ༆̈́႕̜́ͥḙ̏ͦͅచ̱Ȅౙպ׫ٸ͜ͅȄౙ
պ׫ඤ͜ͅ႟ത̦ంह̳ͥհ೰֦́ضഎ̈́ fi lterͬ non 
minimum-phase fi lter ͂࡞̠ȅ႟ത̦ౙպ׫ͅచ̱Ȅ௖
฽̈́պ౾ͅచ̱͂̀ంह̳ͥ linear-phase fi lter͉Ȅ൚டȄ
non minimum-phase fi lteŕ̜ͥȅ̴̞̱ͦ̀͜ͅȄ႟ത͈
͙̥ͣࢹ଼̯ͦͥ FIR߿͈ fi lteŕ͉Ȅ̷͈ͼϋΩσΑ؊
൞ {h(k)}̦Ȅ̷͈͘͘ fi lter͈߸ତ͂̈́ͥȅ
3.1.2ȁհ೰֦́ض଻ͬခ̳ͥ fi lter͈ minimum-phase
fi lter͂ all-pass fi lter͈͒໦ٜ
ȁ஠͈̀ޭ̦ౙպ׫ඤͅంह̳ͥհ೰̈́ fi lter ͉Ȅ












minimum-phase႟ത̞́̈́ ξ1͂૧̹̈́ޭ 1/ξ1̥ͣ৆ )3.4*
͈ࠁ৆͈ all-pass fi lter A1(z)ͬैͤ੄̱̞̀ͥḙ̏ ͈ௌैͬȄ
H)z* ͈஠͈̀ minimum-phase ႟ത̞́̈́႟ത )Lࡢ * ͅ
̢̞࣐̾̀͊Ȅհ೰̈́ fi lter H)z* ͉ minimum-phase fi lter 






̳͂ͥḙ͈̏ௌै͉Ȅall-pass fi lter̦ maximum-phase fi lter
̭͂̈́ͥ͂ͬা̱̞͈̦̀ͥ฻̠ͧȅ





͂̈́ͥḙ͈̏۾߸৆͉Ȅհ೰֦́ضഎ̈́ fi lter̷͈͂ fi lter
̥ͣංͣͦͥ minimum-phase fi lter͈၌ංඅ଻͉൝̱̞ম









͂̈́ͥȅ࡬ͅȄ৆ )3.7* ͬဥ̞̀ȄH)z* ̥ͣ









3.2 Cepstrum technique ͬဥ̞̹ FIR߿minimum-phase 
fi lter͈୭ࠗ
Cepstrumͬဥ̞̀ linear-phase fi lter̥ͣ minimum-phase 
fi lterͬ୭༹̳༷͉ࠗͥȄ1970ාయ൚੝ͅȄ৘ဥഎ༹༷̈́
̱͂̀೹մ̯̞ͦ̀ͥ )Herrman and Schuessler, 1970*ḙ̏
͉ͦȄ႟ത͈ठ෻౾ͅܖ༹̩༷̦̿Ȅfi lter͈ষତ̦௩ح
̳ͥ͂ࣾඳ̧̹̳̹̜ͬ͛́ͥȅ႟ത͈ठ෻౾ͅܖ̩̿





























৆ )3.14* ́ဓ̢ͣͦͥȅਲ̽̀Ȅ৆ )3.17* ͈ݙ z་̦۟
ంह̱Ȅষ৆͂̈́ͥȅ
)3.18*











































͂̈́ͥḙ̭̏́Ȅ)3.25* ৆ͬဥ̞ͦ͊Ȅ৆ )3.26* ͉ոئ
͈̠̈́ͥ͢ͅȅ
)3.27*
C͉ ͈ਓ௵֖ )ౙպ׫ͬ܄͚ *͈́ਔٝႹ̜́ͥȅ
࡬ͅȄcx(n)͉ষ৆́ဓ̢ͣͦͥȅ
)3.28*
n = 0͈ાࣣ͉Ȅ৆ )3.22* ͤ͢Ȅষ৆͂̈́ͥȅ
)3.29*




























௲̻ȄX'(eiλ) ͉ -inx(n) ͈ Fourier ་۟͂̈́ͥȅ൳အͅȄ










͉Ȅx(n)͂ nx(n)͈ Fourier་͈̥۟ࣜͣ๷໦ cepstrumͬ
ࠐဇ̱̀৘ cepstrum̦ࠗॳ̯̭ͦͥ͂ͬփྙ̱̞̀ͥȅ























̀Ȅ৆ )3.43* ͈အ̈́ z་۟ࠁͬဓ̢̭̦ͥ͂฻̠ͧȅ৘





̭̭́Ȅ৆ )3.44* ֲ͈༏ల 1ࣜͬ৆ )3.42* ͈ల 1ࣜ߫ͅ
ࣺͤͭ́ࣉ̢ͦ͊Ȅ৆ )3.44* ֲ͉༏ల 2͈ࣜ z་۟ࠁ͂
̈́ͥȅ৆ )3.43* ͉Ȅ! ͈ minimum-phase໐໦̦
͂̈́ͤȄ৆ )3.44* ͉






໦ )-n* ͬୃ͈౵ )n* ̳ͦ͊ͅၻ̞̭͂͂̈́ͥḙ̏ͦ
͉Ȅlinear-phase fi lter ͬ minimum-phase fi lter Hmin(z) ̥ ͣ
[Hmin(z)]
2͈ࠁ́ࢹ଼̧̱̹͂Ȅlinear-phase fi lter̥ͣංͣ
ͦͥ cepstrum {clh(n)}̥ͣ Hmin(z)͈ cepstrum {cmh(n)}̦
́ං̭ͣͦͥ͂ͬা̱̞̀ͥȅ໦༦͈ 2͉৆ )3.24* ͢ͅ





ତͬဥ̞̀ষତ N = 7͈ FIR fi lterͬै̭̥ͥ͂ͣই͛̀
̞ͥḙ͈̏႕͉́Ȅड੝͈ sample fi lter͉ minimum-phase 
fi lter͉̞͂̈́ͣ̈́ḙ͉̏ͦȄޭ . ႟ത෻౾̥ͣࡉ̭ͥ͂
̦੄ြͥȅ̹͘Ḙ͈̏ fi lter͉֦ض଻ͬྖ̹̱̞̞̀̈́ȅ
̭͉ͦȄcepstrum߸ତ̦ n < 0̤̞̀͜ͅ႟̞̭͂̈́ͣ̈́
͂́฻ͥȅ
     % Sample_program01.m
     clear all
     % Sample fi lter of order N
     N=7;              % Filter order
     h=rand(1,N);      % Filter coeffi cients
     w=[0:1:N-1];             
     plot(w,h)
     title('Impulse response of sample fi lter')
     fi gure
     % Pole/zero diagram
     zplane(h,1) 
     title('Pole/zero diagram of of sample fi lter')
     fi gure
     % Causlaity check
     cx=causality_check(h,1024);
     fi gure
     % Frequency response
     gain_plot(h,512,'sample fi lter')
     fi gure
     % Zero fi nding method
     hb=zero_fi nding(h,N);
     plot(w,hb)
     title('Impulse response of minimum-phase fi lter obtained by
zero fi nding method')
     fi gure
     % Pole/zero diagram
     zplane(hb,1); 
     title('Pole/zero diagram of minimum-phase fi lter obtained by
zero fi nding method')
     fi gure
     % Causality check
     cx=causality_check(hb,1024);
     fi gure
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    % Frequency response
    gain_plot(hb,512,'FIR minimum-phase fi lter estimated by
zero-fi nding method')
    fi gure
    % Cepastrum method
    hm=cepstrum_method(h,1024);
    hmm([1:N])=hm([1:N]);  % Final fi lter coeffi cients
    
    plot(w,hmm)
    title('Impulse response of minimum-phase fi lter obtained by
Cepstrum method')
    fi gure
    % Pole/zero diagram
    zplane(hmm,1);     
    title('Pole/zero diagram of minimum-phase fi lter obtained by
Cepstrum method')
    fi gure
    % Causality check
    cx=causality_check(hmm,1024);
    fi gure
    % Frequency response
    gain_plot(hmm,512,'FIR minimum-phase fi lter obtained by
Cepstrum method')           
    fi gure
    % Hilbert transform methods
    a=mps180(fft(h,1024));   % Frequency response
    h3=real(ifft(a));        % Filter coeffi cents
    hil([1:N])=h3([1:N]);
    plot(w,hil)
    title('Impulse response of minimum-phase fi lter obtained by
Hilbert transform method')
    fi gure 
    % Pole/zero diagram
    zplane(hil,1)     
    title('Pole/zero diagram of minimum-phase fi lter obtained by
Hilbert transform method')
    fi gure  
    
    % Causality check
    cx=causality_check(hil,1024);
    fi gure
    % Frewuency response
    gain_plot(hil,512,'FIR minimum-phase fi lter obtained by
Hilbert transform method')
     % End of program
଎ 3.1͉Ȅsample fi lter͈ͼϋΩσΑ؊൞ͬা̳͈̜́͜






     % causality_check.m
     function cx=causality_check(h,M)
     % M >> length(h)
     cz=fft(h,M);
     m=abs(cz); pm=unwrap(angle(cz));
     HW=m.*exp(j*pm);
     % Generation of complex cepstrum
     c=ifft(log(HW)); 
     c=real(c);
     % Rearrangement of complex cepstrum
     c_arrange=[c(M/2+2:1:M) c(1:1:M/2+1)]; 
     cx=[-M/2+1:1:M/2];
    
     % Plotting of cepstrum
     plot(cx,c_arrange)
     xlabel('n'); ylabel('Cepstrum coeffi cients');
     title('Cepstrum check for causality')
     % End of program
଎ 3.3͉Ȅsample fi lter̦֦ض଻ͬྖ̹̯̞̭̈́͂ͬা̳
͈̜́ͥ͜ḙ͈̏ sample fi lter͈၌ංඅ଻͉Ȅষ͈ίυΈ
ρθ́ဓ̢ͣͦͥȅࠫض̦Ȅ଎ 3.4̜́ͥȅ
      % gain_plot.m
      function gain_plot(h,M,TitleA)       
      [a1,w1]=freqz(h,1,M);
      w1=w1/pi;
      plot(w1,20*log10(abs(a1)));
      title(TitleA);
      xlabel('Frequency normalized by Nyquist freq.');
      ylabel('Magnitude in dB');
      % End of program
̯̀Ȅ֦ض଻ͬྖ̹̯̞̈́ non-minimum-phase fi lter̥ͣȄ







    % zero_fi nding.m
    function hz=zero_fi nding(h,N)
    % Zero fi nding method    
    z=roots(h);  % Root-fi nding
    for k=1:N-1
         if abs(z(k))>1 
             z(k)=1/conj(z(k));
           else
             z(k)=z(k);
         end
    end
    % Reconstruction of fi lter coeffi cients
    hz=poly(z); 
    % End of program
଎ 3.5̦႟ത͈ठ෻౾༹ͤ͢ͅංͣͦͥ fi lter͈ͼϋΩσ




଻̦࠿બ̧́ͥȅ଎ 3.8͉Ḙ̏ ͈ fi lter͈၌ංඅ଻̜̦́ͥȄ
sample fi lter͈၌ංඅ଻ͬ༗঵̱̞̭̦̀ͥ͂฻̠ͧȅ





̞̹ minimum-phase fi lter͈୭ࠗίυΈρθͬা̷̠ȅ
    % cepstrum_method.m  
    function hcep=cepstrum_method(h,M)
    % M >> length(h)
    cz=fft(h,M);
    m=abs(cz); pm=unwrap(angle(cz));
    HW=m.*exp(j*pm);
    % Cepstrum coeffi cients
    c=ifft(log(abs(HW)));  
    % Reconstruction of minimum-phase cepstrum coeffi cients
    cp=[c(1) 2*c(2:M/2) c(M/2+1)];    
     % Frequency response function
     Hm=exp(fft(cp,M));                 
     % Reconstruction of fi lter coeffi cients
     hcep=real(ifft(Hm));                





3.3 Discrete Hilbert transform ͬဥ̞̹ FIR߿minimum- 
phase fi lter͈୭ࠗ





























iλ) ͉ȄڎșȄxe(n) ͂ xo(n) ͈
Fourier་۟͂̈́ͥḙ̷̏́Ȅ৆ )3.46a* ͬဥ̞̀ X(eiλ)ͬ
ࠗॳ̳ͥ͂Ȅ
)3.48*
͂̈́ͥḙ̭̏́ȄU(eiλ) ͉ౙպΑΞΛί۾ତ u(n) ͈
Fourier་̳۟͂ͥȅ௲̻Ȅ
)3.49*
́ ̜ ͥ ) ̭ ͈બྶ͉Ȅոئ͈೒̜ͤ́ͥȅ̴͘
δ(n) = u(n) . u(n.1) ̜̥́ͥͣȄ̷͈ Fourier ་͉۟Ȅ











̞͈͘ાࣣȄx(0)(= xe(0))͉৘ତ̜̥́ͥͣȄ৆ )3.52* ͈
ֲ༏ల 2͉ࣜ႟͂̈́ͥḙ̷̏́Ȅ৘ତႥ {x(n)}ͅచ̳ͥ











minimum-phase fi lter ͬࢹ଼̳ͥȅ௲̻Ȅminimum-phase 
fi lter͈߸ତ͉Ȅ ͈ݙ Fourier་۟́ဓ̢




ͥ *Parks-McCellan༹͈༷ )Proakis,1996* ͬဥ̞̀ȄFIR
߿͈ linear-phase fi lterͬࢹಃ̳ͥȅ଎ 3.13ͅ fi lter͈ͼϋ
ΩσΑ؊൞ )fi lter͈߸ତ * ͬা̳ȅষͅȄষତ̦ఱ̧̞
̹͛ઁ̱শۼ̦̥̥̦ͥȄzplaneͬဥ̞̀Ḙ͈̏ fi lter͈
ޭ . ႟ത෻౾ͬݥ͛ͥȅࠫض̱͂̀Ȅ଎ 3.14ͅা̳̠͢
ͅȄౙպ׫ͅచ̱̀ 4͈̾௖฽۾߸̜ͥͅ႟ത͈ழͬྶ
ၸͅࡉ̞̺̳̭̦͂੄ြ̠͢ȅ௲̻Ḙ͈̏အ̈́႟ത෻౾
̦ linear-phase fi lterͬඅಭ̫̞̿̀ͥ .଎ 3.15͉Ḙ͈̏
fi lter͈૦໙අ଻̜́ͥȅ
     % demo_program.m
     % Construction of linear-phase fi lter by Marks-McClellan
     % method
     f=[0 (.01*2) (.02*2) 1]; 
     a=[1 1 0 0];
     b=remez(500,f,a,[1 5e6]);  
     % Plotting of impulse response
     plot(b)
     fi gure
     % Pole/zero diagram of linear-phase fi lter
     zplane(b)
     fi gure
     % Transfer function of linear-phase fi lter
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    [h,w]=freqz(b,1,1024);
    plot(w,20*log10(abs(h)));
    title('FIR linear phase lowpass fi lter');
    xlabel('Normalized anfular frequency');
    ylabel('Magnitude in dB');
    fi gure
    % Construction of minimum-phase fi lter
    N=2^19;
    H=fft(b,N);
    w1=linspace(0,2*pi,N);
    H1=real(H.*exp(j*w1*250)); 
    d1=max(H1)-1;
    d2=0-min(H1);
    s=4/(sqrt(1+d1+d2)+sqrt(1-d1+d2))^2;
    H2=H1+d2;
    clear H1;
    H3=H2*s;
    HR=sqrt(H3)+1e-10;  % epsiron=1e-10
    clear H3;
    % Discrete Hilbert transform
    y=dhtm(HR',N,251);  
    clear HR;
    
    % Impulse response of minimum-phase fi lter
    y1=real(y);
    % Pole/zero diagram of minimum-phase fi lter
    zplane(y1)
    fi gure
    % Transfer function of minimum-phase fi lter
    [h2,w]=freqz(y1,1,32768);
    plot(w,20*log10(abs(h2)));
    title('FIR minimum phase lowpass fi lter');
    xlabel('Normalized angular frequency');
    ylabel('Magnitude in dB');
    fi gure
    % Plotting of impulse response of minimum-phase fi lter
    plot(y1);
    title('Impulse response of minimum phase fi lter');
    fi gure
    % Plotting of group delay characteristics
    grpdelay(b);
    title('Group delay of linear-phase fi lter');
    fi gure
     grpdelay(y);
     title('Group delay of minimum-phase fi lter');
     % Error analysis
     d1d=sqrt((1+d1+d2)*s)-1;
     d2d=sqrt(2*d2*s);
     d1r=max(abs(h2))-1;
     d2r=max(abs(h2(30000:32768)));
     err1=(abs(d1d-d1r)/d1d)*100;
     err2=(abs(d2d-d2r)/d2d)*100;
     % End of program
ষͅȄίυΈρθ͉́Ȅlinear-phase fi lter̥ͣ minimum- 
phase fi lter͈͒་࣐̞۟ͬ̽̀ͥȅड੝ͅȄfi lter͈ୃܰ
اௌै࣐̹ͬ̽ࢃȄHilbert ་۟ͬဥ̞̀ minimum-phase 
fi lter ͈߸ତͬݥ̞͛̀ͥȅHilbert ་͉۟Ȅոئ͈
functionͬဥ̞࣐̀ͩͦͥȅ
     % dhtm.m
     function y=dhtm(mag,N,s)
     sig(1:(N/2))=sign(linspace(1,(N/2),(N/2)));
     sig((N/2)+1)=0;
     sig((N/2)+2:N)=sign(linspace(-1,-(N/2)-1,(N/2)-1));
     sig(1)=0;
     logmag=log(abs(mag));
     in=ifft(logmag);
     ph=-j*fft(sig'.*in);
     rec=mag.*exp(j*ph);
     recu=ifft(rec);
     y=recu(1:s);
     % End of program
ȁං̹ͣͦ FIR߿ minimum-phase fi lter͈ޭ .႟ത෻౾̦Ȅ
zplaneͬဥ̞̀Ȅ଎ 3.16͈အͅݥͥ͘ȅౙպ׫ඤ͈৘৊
ષ͈͙ͅ႟ത̦ంह̳ͥ minimum-phase fi lter̞͂̈́̽̀
̭̦ͥ͂฻̠ͧȅষͅȄ଎ 3.17͈૦໙අ଻͂଎ 3.18͈ͼ
ϋΩσΑ؊൞̦ݥͥ͘ȅίυΈρθ͉́ȄडࢃͅȄ߲ಁ
װඅ଻ͬݥ̞͛̀ͥȅlinear-phase fi lter͂ minimum-phase 




Fig. 3.1 Impulse response of sample fi lter.
଎ 3.2 ΍ϋίσέͻσΗ͈ޭ .႟ത෻౾଎
Fig. 3.2 Pole/zero diagram of sample fi lter.
଎ 3.3 ଎ 3.1́া̱̹ͼϋΩσΑ؊൞͈ΉίΑΠρθ
Fig. 3.3 Cepstrum of impulse response shown in Fig.3.1.
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଎ 3.4 ଎ 3.1͈ͼϋΩσΑ؊൞ͬခ̳ͥ΍ϋίσέͻσΗ
͈૦໙අ଻
Fig. 3.4 Magnitude response of sample fi lter.
଎ 3.5 ႟തठ෻౾༹ͤ͢ͅݥ̹͛ͣͦड઀պ௖έͻσΗ͈
ͼϋΩσΑ؊൞
Fig. 3.5 Impulse response of minimum-phase fi lter.
଎ 3.6 ड઀պ௖έͻσΗ͈ޭ .႟ത෻౾଎
Fig. 3.6 Pole/zero diagram of minimum-phase fi lter.
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଎ 3.7 ଎ 3.5́া̯̹ͦͼϋΩσΑ؊൞͈ΉίΑΠρθ
Fig. 3.7 Cepstrum of impulse response shown in Fig.3.5.
଎ 3.8 ଎ 3.5͈ͼϋΩσΑ؊൞ͬခ̳ͥड઀պ௖έͻσΗ
͈૦໙අ଻
Fig. 3.8 Magnitude response of minimum-phase fi lter.
଎ 3.9 ΉίΑΠρθ༹ͤ͢ͅݥ̹͛ͣͦड઀պ௖έͻσΗ
͈ͼϋΩσΑ؊൞
Fig. 3.9 Impulse response of minimum-phase fi lter.
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଎ 3.10 ड઀պ௖έͻσΗ͈ޭ .႟ത෻౾଎
Fig. 3.10 Pole/zero diagram of minimum-phase fi lter.
଎ 3.11 ଎ 3.9ͅা̯̹ͦͼϋΩσΑ؊൞͈ΉίΑΠρθ
Fig. 3.11 Cepstrum of impulse response shown in Fig.3.9.
଎ 3.12 ଎ 3.9͈ͼϋΩσΑ؊൞ͬခ̳ͥड઀պ௖έͻσ
Η͈૦໙අ଻




Fig. 3.13 Impulse response of FIR linear-phase fi lter.
଎ 3.14 ஌ࠁպ௖έͻσΗ͈ޭ .႟ത෻౾଎
Fig. 3.14 Pole/zero diagram of linear-phase fi lter.
଎ 3.15 ஌ࠁպ௖έͻσΗ͈૦໙අ଻
Fig. 3.15 Magnitude response of linear-phase fi lter.
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଎ 3.16 ड઀պ௖έͻσΗ͈ޭ .႟ത෻౾଎
Fig. 3.16 Pole/zero diagram of minimum-phase fi lter.
଎ 3.17 ଎ 3.18͈ͼϋΩσΑ؊൞ͬခ̳ͥड઀պ௖έͻσ
Η͈૦໙අ଻
Fig. 3.17 Magnitude response of minimum-phase fi lter.
଎ 3.18 FIRड઀պ௖߿೩֖೒ًέͻσΗ͈ͼϋΩσΑ؊൞




Fig. 3.19 Group delay of FIR linear-phase fi lter.
଎ 3.20 FIRड઀պ௖߿೩֖೒ًέͻσΗ͈߲ಁװඅ଻
Fig. 3.20 Group delay of FIR minimum-phase fi lter.
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4. FIR߿ linear-phase fi lter
̭̭͉́Ȅດ੔എ̈́ FIR߿͈ linear-phase fi lter͈୭༹ࠗ





A/D་̤̫۟ͥͅ decimation fi lter͜ͅဥ̞̞ͣͦ̀ͥȅ
༹ܿͅ۾̳ͥळ̥̞୰ྶ͉Ȅ࿐ئ¦ఈ )1997* ̜͈ͥ́ͅ
४ચ̯̹̞ͦḙ̭͉̏́Ȅତ౵႕͈͙ͬা̳ȅ
4.1 Parks-McClellan͈डഐ FIR fi lter୭༹ࠗ )min-max
༹ *




༹͈༷͉Ȅ࿒എ̳͂ͥ fi lter͈૦໙අ଻ |Hd (λ)|ͬ cos(λ)͜
̱̩͉ sin(λ)͈ఉࣜ৆́߃য̧̳ͥ͂Ȅ̷͈डఱ߃যࢋ
ओͬड઀̳̭̥͂ͥ͂ͣංͣͦͥ fi lter H(λ)̜́ͥȅ௲̻Ȅ
fi lter H(λ)͉Ȅࢋओඅ଻ͬ
̧̱̹͂͂Ȅmax|E(λ)|ͬड઀̳͂ͥ fi lterͬ cos(λ)̱͜




ࡤ͈̜͊ͦͥ́ͥ͜ȪProakis et al., 1996ȫȅ















    % mc.m
    function [h,f]=PM_method(n,Wp,Ws,Rp,Rs,Fs,option)
    % Marks-McClellan method using Remez exchange
    % algorithm and Chebyshev approximation
    % input paramerers
    % "option"=0; determin optimal order by using the method 
    %             proposed by Rabiner & Herrmann
     %         =1; put the order of fi lter into a parameter "n"
     % n         ; fi lter order
     % m         ; desired magnitudes
     % Wp        ; cutoff (edge) frequency of passband in Hz
     % Ws        ; cutoff (edge) frequency of stopband in Hz
     % Rp        ; passband ripple in dB
     % Rs        ; stopband ripple in dB
     % Fs        ; sampling frequency in Hz
     w=[1 1];    % initial weights
     m=[1 0];    % desired magnitudes for lowpass fi lter
     f=[Wp Ws];
     dev=[(10^(Rp/20)-1)/(10^(Rp/20)+1) 10^(-Rs/20)];
     if option==0
     [n,fo,mo,w]=remezord(f,m,dev,Fs);
     % n; optimum order of LPF
     b=remez(n,fo,mo,w);
     else
     [nopt,fo,mo,w]=remezord(f,m,dev,Fs);   
     b=remez(n,fo,mo,w);
     end 
     [h f]=freqz(b,1,4096,Fs);
     plot(f,20*log10(abs(h)))
     title('FIR lowpass fi lter'); 
     xlabel('Frequency in Hz');
     ylabel('Magnitude in dB');
     % End of program
























̀Ȅষତͬ 161ষ̳͂ͥ͂ ) ئܱ͈΋ζϋΡષ͉́Ȅn-1





̯̀Ȅ൚ட͈ম̦̈́ͣḘ͈̏ fi lter͉ linear-phase fi lter
̜́ͤȄ256kHz͈ດུا͉́Ȅ೒ુȄດུاਔ෨ତͬ
઀̯̩̳ͥষ౲͈ fi lterͥ͢ͅ decimation͈ष̞ͩͥ͠ͅ
Ȩ֦ض଻ȩ̦ٟ̯̱̠ͦ̀͘ȅȨ֦ض଻ȩͬ༗঵̵̯ͥͅ
͉Ȅষ࣐̠ͅς΍ϋίσ͈ਔ෨ତͬ಺ା̳̞ͦ͊͢ȅ௲
̻ȄFIR߿ linear-phase fi lter͈ΗΛίତ̦ 161̜̥́ͥͣȄ
161/ 256000 = 0.644 [ms]̦ΗΛίಿ͂̈́ͥȅਲ̽̀Ḙ̏
ͦͤ͢ல̞ດུاͬষ͈ decimation͈և̢࣐͊ͅȄȨ֦ض
଻ȩ͉༗঵̯ͦͥȅ̾ͤ͘Ḙ͈̏ FIR fi lter͈߸ତ̦גޣ
̱̞̈́೾ഽͅດུا̳̞ͬͦ͊͢ḙ͈̏ાࣣ͉́Ȅষ౲





Butterworth߿೩֖೒ً fi lterͬດུاਔ෨ତ 1kHź୭ࠗ
̱͙̠̀͢ȅMatlabષ͉́Ȅ











3౲࿒͈ fi lter͈ດུاਔ෨ତͬ 400Hẕ͂̀Ȅ೩֖೒
ً fi lterͬ Butterworth߿́୭̳ࠗͥȅొ̱Ȅ΃ΛΠ΂έਔ
෨ତͬ 50Hz̳͂ͥȅMatlabષ͉́Ȅষ͈΋ζϋΡ͂̈́ͥȅ





2౲࿒͈ fi lter̤̫ͥͅ 100Hź͈ࡘଚ͉Ȅ-100dBոષ́
̜̥ͥͣȄ଎ 4.5ͅা̳ 3౲࿒͈ fi lter̤̫ͥͅࡘଚͬح
̢ͥ͂Ȅ௙ࣣഎ̈́ fi lter͉Ȅ̷̤͢ -200dB೾ഽ͈ࡘଚ̦
100Hźංͣͦͥȅ൚ட͈ম̦̈́ͣȄ50Hzྐ͈໹౛අ଻
͉ږ༗̯ͦͥ minimum-phaseࠏ͂̈́ͥȅ
4.2 Cepstrum༹ܿͥ͢ͅ FIR߿ linear-phase fi lter̥ͣ
FIR߿ minimum-phase fi lter͈͒་۟
̭̭͉́Ȅ3.́੆͓̹ cepstrumͬဥ̞̀ FIR߿ linear- 
phase fi lterͬ FIR߿ minimum-phase fi lter͒་̳۟ͥ͞͞
ུڒഎ̈́႕ͬা̷̠ )Gian et al., 1982*ḙ༹͈༷͉̏Ȅޗ





     % cepstrum_miniphase.m
     function [b1,h2]=cm_method(n,Wp,Ws,Rp,Rs,Fs)
     % Example: [b,h2]=cepstrum_miniphase(128,2000,20000,1,
     % 40,256000);
     % Construction linear-phase fi lter by
     % Parks-McClellan method using Remez exchange algorithm
     % and Chebyshev approximation
     % input paramerers
     % n         ; fi lter order
     % m         ; desired magnitudes
     % Wp        ; cutoff (edge) frequency of passband in Hz
     % Ws        ; cutoff (edge) frequency of stopband in Hz
     % Rp        ; passband ripple in dB
     % Rs        ; stopband ripple in dB
     % Fs        ; sampling frequency in Hz
     % w         ; initial weight for wxample w=[1 1]
     % mm        ; desired magnitudes for lowpass fi lter
     % ff        ; frequency points specifying mm
     ff=[0 2*Wp/Fs 2*Ws/Fs 1];
     mm=[1 1 0 0];
     % Filter coeffi cients (impulse response) of H(z)
     b=remez(n,ff,mm);  
     % Impulse response of fi lter H(z)
     fi gure
     plot(b)
     title('Initial impulse response')
     % |H(z)|
     [h f]=freqz(b,1,4096,Fs);
     scaleA=h(1);
     fi gure
     plot(f,20*log10(abs(h)));
     title('FIR lowpass fi lter'); 
     xlabel('Frequency in Hz');ylabel('Magnitude in dB');
     % Zero-phase function Hr
     fi gure
     zerophase(b);
     [Hr,freqency]=zerophase(b,1,'whole');
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    dd2=min(Hr);
    % Pole/zero diagram of H(z) 
    fi gure
    a=[1];
    zplane(b,a);
    % Calculation of H1(z)
    % d2=10^(-Rs/20);
    d2=abs(dd2);
    n2=(n+2)/2;
    b(n2)=b(n2)+d2;
    b1=b;
    % Pole/zero diagram of H1(z)
    fi gure
    zplane(b,a);
    % Zero-phase function H1r
    fi gure
    zerophase(b);
    [Hrrr,frequency2]=zerophase(b,1,'whole');
    min(Hrrr);
    % Calculation of the impulse  response of H1(z)
    % L: length of impulse resopnese
    L=4096;
    [h1,t1]=impz(b,1,L);
  
    % Impulse response of H1(z)
    fi gure
    plot(h1);
    title('Impulse response of H1(z)')
    % Modefi ed impulse respones of H1(z)
    rou=1.02; % tentative
    for k=1:L
        mh1(k)=h1(k)*rou^(-k+1);
    end
    % Calculation of the cepstrum of mh1
    xhat=fft(mh1,L);
    m=abs(xhat); pm=unwrap(angle(xhat));
    HW=m.*exp(j*pm);
    acc=ifft(log(abs(HW))); % cepstrum coeffi cients
    acc=real(acc);
    acc1=[acc(L/2+2:1:L) acc(1:1:L/2+1)];
    % Cepstrum of fi lter {mh1} 
    cx=[-L/2+1:1:L/2];
    fi gure
    plot(cx,acc1)
     title('Cepstrum of mh1')
     % Cepstrum of H(z)
     c2(L/2)=acc1(L/2);
     for k=1:L/2-1
         c2(L/2+k)=2*acc1(L/2+k);
         c2(k)=0;
     end
     c2(L)=acc1(L);
     % Cepstrum of H(z)  
     fi gure
     plot(cx,c2)
     title('Cepstrum of H(z)')
     % Reconstruction of minimum-phase cepstrum coeffi cients
     for k=1:L/2+1
         cc(k)=c2(L/2+k-1);
     end
    
     cc2=cc';
     h2(1)=exp(cc2(1));
     h2(2)=cc2(2)*h2(1);
     for kk=3:n
        s=cc2(kk)*h2(1);
        for k=1:kk-2      
            s=s+(k/(kk-1))*cc2(k+1)*h2(kk-k);
        end
         h2(kk)=s;
     end 
     rou=1;
     for k=1:n
         h2(k)=h2(k)*rou^(k-1);
     end
     % Impulse respoponse of H(z)
     fi gure
     plot(h2);
     title('Impulse response of H(z)')
     % Pole/zero daiagram of H(z)
     fi gure
     zplane(h2)
     % Magnitude function of minimum-phase fi lter H(z)
     [hh ff]=freqz(h2,1,4096,Fs);
     scaleB=hh(1);
     hh=hh*scaleA/scaleB;
     fi gure
     plot(ff,20*log10(abs(hh)));
     title('FIR minimum-phase fi lter');
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    xlabel('Frequency in Hz');
    ylabel('Magnitude in dB');
    % End of program







̞̠ॽအ̜́ͥȅං̹ͣͦ linear-phase fi lter͈߸ତ ) ͼ
ϋΩσΑ؊൞ȫͬ଎ 4.6ͅা̳ḙ͈̏ fi lterͬ H)z* ̱͂Ȅ
̷͈၌ංඅ଻ͬ଎ 4.7ͅা̳ȅষତ n͉ 128̜́ͤḘ̭̏
͉́ n̦ߘତ̜̭́ͥ͂ͬါݥ̱̠͢ȅ
̭͈ H(z)͉ȄH(z) = Hr(λ)eiθ (λ ) ๊֚͂ͅജٳ̯ͦͥḙ̏
̭́ȄHr(λ)ͬ႟պ௖ ) ؊൞ * ۾ତ̞̠͂ȅ௲̻Ȅպ௖႟
)θ(λ) = 0* ͈শȄH(z) = Hr(λ)̭͂̈́ͥ͂ͥ͢ͅྴઠ̜́
ͥȅྶ̥ͣͅȄ଎ 4.7ͅা๊̳͈֚၌ංඅ଻ |H(z)|͉͂։
̈́ͥḙ͉̏ͦȄHr(λ)̦໅͈౵ͬ͜ݺယ̳ͥև̜́ͥȅ଎





̭͈শȄH(z)͈႟ . ޭ෻౾ͬ಺͓ͥ͂Ḙ͉̏ͦ଎ 4.10
͂̈́ͥȅ ௲̻Ȅࡔതͅ n  = 128ਹ͈ޭͬခ̱Ȅ႟ത̦ౙ
պ׫ષ͂ౙպ׫ͅచ̱̀௖฽۾߸ͬခ̳ͥވ࿨෻౾̱͂
࡛̀ͦͥ linear-phase fi lteṟ͈͂̀අ଻̜́ͥȅ
Ӳȁষ͈ΑΞΛί̱͂̀Ȅ ̈́ͥ૧̹
̈́ fi lter H1(z)ͬैͥḙ̭̏́ȄδS͉Ȅ଎ 4.9͈ஷগఝ֖ͅ
̤̫ͥςΛίσ͈ఱ̧̯Ȫ̾ͤ͘Ȅ0 ± δS͈ςΛίσ̦଎
4.9͈ஷগఝ֖̜ͥͅȫ̳͂ͥḙ͈̏শȄ૧̹ͅै଼̯ͦ











ͬ factorization ̳̭ͥ͂ͤ͢ͅȄminimum-phase fi lter ͂
maximum-phase fi lter̭ͦͬͅ໦̫̭ͥ͂ͬخෝ̳͂ͥև
̜́ͥȅ
ӳȁ̭͈౲ٴ́ȄFIR߿͈ minimum-phase fi lterͬࢹಃ̳
͈͉ͥͅ 2೒༹͈༷̦̜ͤͥȅ2͉̾Ȅষତ n̦઀̯̞ા
ࣣͅഐဥخෝ͈̜̈́́ͥ͜ḙ͉̏ͦȄ଎ 4.11͈႟ത . ޭ
෻౾̥ͣȄոئ͈̠̈́͢႟ത͂ޭͬ஖͍੄̱Ḙ̏ͦͬဥ
̞̀ minimum-phase fi lter H2(z)ͬै͈̜ͥ́ͥ͜ȅ௲̻Ȅ
















ͬ {h1(k)}̳͂ͥȅ࿚ఴ͉Ḙ͈̏ {h1(k)}̥ͣ H2(z)͈ͼ
ϋΩσΑ؊൞ {h2(k)}ͬݥ̭͛ͥ͂̈́ͥͅȅ{h2(k)}͉ FIR
߿ minimum-phase fi lteŕ̜̥ͥͣȄං̹ͣͦ {h2(k)}̦





Fourier་۟ͬဥ̞̦ͥȄ೒ુȄ་͈۟ಿ̯ L͉ȄL >> 8n
̳͂ͥȅ଎ 4.15͉ȄL = 4096͈ાࣣ̜́ͥȅcepstrum͉
ࡔത̷͈͂߃̩ͅਬಎ̱̞̭̦̀ͥ͂฻̠ͧȅ̹͘Ȅ
k < 0ͅ๱႟͈ c1(k)̦ంह̱Ȅfi lter h1 ͉ minimum-phase 
fi lterと̞̭̦̈́ͣ̈́͂฻̠ͧȅ
3.2́੆༹͓̹༷ͅਲ̽̀Ȅminimum-phase fi lter {h2(k)}
ͬං̹͉ͥ͛ͅȄ͘ ̴Ȅ{c1(k)}̥ͣ {c2(k)}ͬݥ͛ͥȅ௲̻Ȅ
̳͂ͥȅං̹ͣͦ {c2(k)}͉Ȅ଎ 4.16͈အ̈́ͥͅḙ͉̏ͦȄ
k < 0́ c2(k) = 0̱̹̹͂͛Ȅc2(k)̥ͣංͣͦͥ fi lter h2(k)
͉ minimum-phase fi lter͂̈́ͥȅষͅȄ{c2(k)}̥ͣ {h2(k)}
ͬݥ͛ͥḙ͈̹̏͛Ȅ{c2(k)}̥ͣ minimum-phase଼໦ͬ
ئܱͤ͢ͅา̧৾ͥȅ
̭͈အ̱̀ͅං̹ͣͦ fi lter {h2(k)}͉Ȅ଎ 4.17͂̈́ͥḙ̏
̦ͦݥ͛ͥ FIR߿ minimum-phase fi lter͈ͼϋΩσΑ؊൞
̜́ͥȅං̹ͣͦfi lter {h2(k)}͉H2(z)̷͈͈̜̥́ͥͣ͜Ȅ
H2(z)͈႟պ௖۾ତ͂၌ං؊൞අ଻ͬݥ̧̭̦͛ͥ͂́ͥȅ




minimum-phase fi lter͂̈́ͥḙ͈̏ fi lter͈၌ංඅ଻͉Ȅ଎
4.19͂̈́ͤȄ଎ 4.7͈၌ංඅ଻ͬခ̳ͥ linear-phase fi lter
ͅచ؊̳ͥ minimum-phase fi lter͂̈́ͥȅ
଎ 4.1 डഐ FIR஌ࠁպ௖߿೩֖೒ًέͻσΗ͈૦໙අ଻
Fig. 4.1 Magnitude response of optimal linear-phase FIR fi lter.
଎ 4.2 FIRड઀պ௖߿೩֖೒ًέͻσΗ͈૦໙අ଻
Fig. 4.2 Magnitude response of minimum-phase FIR fi lter.
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଎ 4.3 ଎ 4.2́া̯̹ͦ૦໙අ଻͈મळ೒ًఝ֖
Fig. 4.3 Pass-band detail of Fig.4.2.
଎ 4.4 IIR߿ΨΗχȜΑ೩֖೒ًέͻσΗ͈δȜΡ஌଎
Fig. 4.4 Bode diagram of IIR Butterworth fi lter.
଎ 4.5 IIR߿ΨΗχȜΑ೩֖೒ًέͻσΗ͈δȜΡ஌଎




Fig. 4.6 Impulse response of linear-phase FIR fi lter.
଎ 4.7ȁ ଎ 4.6͈ͼϋΩσΑ؊൞ͬခ̳ͥ஌ࠁպ௖έͻσΗ
͈૦໙අ଻
Fig. 4.7 Magnitude response of linear-phase fi lter.
଎ 4.8 ଎ 4.6͈ͼϋΩσΑ؊൞ͬခ̳ͥ஌ࠁպ௖έͻσΗ
͈႟պ௖۾ତ
Fig. 4.8 Zero-phase response of linear-phase fi lter.
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଎ 4.9ȁ ଎ 4.8͈႟պ௖۾ତ̤̫ͥͅમळஷগఝ֖
Fig. 4.9 Stop-band detail of zero-phase response shown in Fig.4.8.
଎ 4.10 ଎ 4.6͈ͼϋΩσΑ؊൞ͬခ̳ͥ஌ࠁպ௖έͻσ
Η͈ޭ .႟ത෻౾଎
Fig. 4.10 Pole/zero diagram for linear-phase fi lter.
଎ 4.11 ༞੩۾ତ H1(z)͈ޭ .႟ത෻౾଎
Fig. 4.11 Pole/zero diagram of auxiliary function H1(z).
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଎ 4.12ȁ ༞੩۾ତ H1(z)͈႟պ௖۾ତ
Fig. 4.12 Zero-phase response of auxiliary fi lter H1(z).
଎ 4.13 ଎ 4.12́া̱̹႟պ௖۾ତ̤̫ͥͅમळஷগఝ֖
Fig. 4.13 Stop-band detail of zero-phase response shown in
Fig.4.12.
଎ 4.14 ༞੩۾ତ H1(z)͈ͼϋΩσΑ؊൞
Fig. 4.14 Impulse response of auxiliary fi lter H1(z).
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଎ 4.15 ଎ 4.14́া̱̹ͼϋΩσΑ؊൞͈ΉίΑΠρθ
Fig. 4.15 Cepstrum of impulse response shown in Fig.4.14.
଎ 4.16 ड઀պ௖૞࣢͈ΉίΑΠρθ
Fig. 4.16 Cepstrum of minimum-phase sequence.
଎ 4.17 FIRड઀պ௖έͻσΗ͈ͼϋΩσΑ؊൞
Fig. 4.17 Impulse response of minimum-phase FIR fi lter.
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଎ 4.18 ଎ 4.17͈ͼϋΩσΑ؊൞ͬခ̳ͥड઀պ௖έͻσ
Η͈ޭ .႟ത෻౾଎
Fig. 4.18 Pole/zero diagram for minimum-phase fi lter.
଎ 4.19 ଎ 4.17͈ͼϋΩσΑ؊൞ͬခ̳ͥड઀պ௖έͻσ
Η͈૦໙අ଻
Fig. 4.19 Magnitude response of minimum-phase fi lter.
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5. ౷ૼ൲ࢹ଼ါள͈ digital fi lterນ࡛
̭̭͉́Ȅ౷ນ͈౷ૼ൲ ͬ
ࠁैͥ site effect G(ω)ȄࠐႹࡘଚඅ଻ P(ω,r)ݞ͍ૼ࡙අ଻


















ତ̦͈̠̓̈́͢ digital fi lter̥̦͂̈́ͥ࿚ఴ͂̈́ͥḙ͈̏
ഥో۾ତ͉ȄGoupillaud)1961* ͈ equal-time layered model
̥ͣ z་۟ࠁͬݥ͛ͥ͂Ȅ஠͈̀ޭ͂႟ത ) ఉਹത * ̦
ౙպ׫ඤͅంह̳̭̦ͥ͂฻ͥȪKinoshita,1999ȫȅ௲̻Ȅ
ڎ௄͈ two-way timeͬ ∆T̳͂ͥ ) p + 1* ௄ ͈ equal-time 
layered modelͬࣉ̢ͥȅडئ௄̦ ) p + 1* ௄̜́ͤȄ௄
ਜ਼͉౷ນ௰̥ͣ๔࣢̫̞͈̳̿ͣͦ̀ͥ͂ͥ͜ḙ͈̏͂
̧Ȅల n௄͂ల n + 1௄͈ޏٮ̤̫ͥͅల n + 1௄ඤષઌ
SH෨͈฽ৣ߸ତ͉ষ৆͂̈́ͥȅ
̭̭́Ȅ ͉ల n௄̤̫ͥͅͼϋάȜΘϋ















ȁ̯̀ȄG(ω)ͅచ؊̳ͥ minimum-phase fi lter͈ࠗॳ༹༷
ͬা̷̠ȅ֦ض଻͈ب೰ͅܖ̧̿Ȅ΍ͼΠ࢘ض fi lter͈؊








̭͈৆͉Ȅ৘ cepstrum ͂պ௖අ଻ argG(eiλ)͈۾
߸ͬা̳͈̜́ͤ͜Ȅೄ୪ࠗॳ̵̴ͅȄcepstrumႀ֖́
non-minimum-phaseࣜͬ minimum-phaseࣜͅ་̳۟ͥௌै
̽̀͢͜ͅ fi lter͈ͼϋΩσΑ؊൞ {g(t∆T)}ͬݥ̭͛ͥ͂
̦੄ြ̭ͥ͂ͬփྙ̱̞̀ͥȅոئȄၗ८ႀ֖͈́ࠗॳ
ͬ৽ఘ̳̹͂ͥ͛Ȅtͬ t∆Ṯ̠͂͢ȅ̯ ̀Ȅ ̥ͣȄ










ͬ 100̱͂Ȅ0.5Hzͤ͢೩ਔ෨ତ֖͈́ Q౵ͬ 10͂ب
೰̱̀ࠗॳ̱̹ȅࠗॳࠫض͂۷௶ͤ͢ͅං̹ͣͦ௩໙අ
଻͉Ȅ3ষ͈Αίρͼϋ༞ۼ́໹ڲا̱Ḙ̏ͦͬݥ͛ͥ
minimum-phase fi lter͈૦໙අ଻ ̱̹͂ḙ͈̠̏͢
̱̀ͅࠨ೰̯̹ͦ૦໙අ଻ͬ͂͜ͅ Hilbert་۟ͥ͢ͅ
༹༷͂ cepstrum༹༷ͥ́͢ͅݥ̹͛ FIR minimum-phase 
fi lterͬ଎ 5.1 ͅা̳ḙ͉̏ͦȄষତͬ 512̳͂ͥ FIR
fi lteŕ̜̦ͥȄNyquistਔ෨ତͬ 50Hz̳͈̜͂ͥ́͜
ͥȅ଎̥ͣȄ2༹͈༷͉̾Ȅ൳͈֚ fi lterͬ୭̳̭ࠗͥ͂






















͈ࠁ৆ͬဥ̞ͥ͂Ȅexp[iκr]͈শۼ۾ତࠁ ) ݙ Fourier
۾ତȫ͉Ȅ֦ض଻ͬྖ௷̵̴Ȅచઠ෨ࠁ͂̈́ͥȪAki









P(ω, r)͈ fi lter͈ͼϋΩσΑ؊൞͂̈́ͥȫ̦֦ض଻ͬྖ̹
̱Ȅ̥̾Ȅ໦८଻ͬခ̳̠ͥ͢ͅȄminimum-phase fi lter
ͤ͢ͅ P(ω, r)ͬࢹ଼̳ͥȅ
P(ω, r)ͅచ؊̳ͥ minimum-phase fi lter͈ࠗॳ႕ͬা̷
̠ȅ̴͘ȄHilbert་༹༷۟ͥ́͢ͅݥ̹͛ FIR minimum-
phase fi lterͬ଎ 5.4ͅা̳ḙ͉̏ͦ ,ૼ࡙ݻၗ r = 150kmȄ
ഥ෥௸ഽ v = 4.4km/sȄS෨͈ Qͬ 300̧̱̹͂͂Ȅ











௸ഽͬ 4.4km/s̱̹͂ાࣣȄ1/Qࢹ௮͂ P(ω, r = 200km)͉Ȅ
଎ 5.5͈အ̈́ͥͅḙ͈̏শȄ૦໙අ଻ P(ω, r)ͬခ̳ͥষ
ତ 257͈ FIR minumin-phase fi lter͉Ȅ଎ 5.6͂̈́ͥȅ଎́
͉ȄHilbert་༹༷۟ͥ͂͢ͅ cepstrum༹༷ͥͬ͢ͅা̱
̞̦̀ͥȄං̹ͣͦࠫض͉֚౿̱̞̀ͥȅ



























ષ̜́ͥຈါ͉̞̈́ *̥ͣ৘࡛̯ͦͥ fi lter̦ linear-phase 









̳͂ͥȅొ̱ȄM2 ͉ȄM ̦ܗତ̧͈͂ M2 = (M-1)/2Ȅ







͈ ࠫ ض ͬ া ̷ ̠ ȅ Mo = 1.65 × 10
18
N ¦m,
fc  = 0.29HzȄ fmax = 32Hẕ̞͂̀ͥȅ଎ 5.8)a*͂ )b*͉Ȅ
ω-3κΟσ͈ૼ࡙ spectrum͂ ̜́ͥȅS(ω)͈












Fig. 5.1 (Top) Impulse responses of site 
effect fi lter and (bottom) pole/zero 
diagram (right).
଎ 5.2 ड઀պ௖έͻσΗ͈૦໙අ଻Ȫດུاশۼ 0.01sȫ͂
΍ͼΠ௩໙අ଻Ȫത஌ȫ




଎ 5.3 ड઀պ௖έͻσΗ͈૦໙අ଻Ȫດུاশۼ 0.04sȫ
͂΍ͼΠ௩໙අ଻Ȫത஌ȫ
Fig. 5.3 Site amplifi cation and magnitude responses of minimum- 
phase fi lter.
଎ 5.4 Q౵֚೰̱̹͂ࠐႹ࢘ض͈ͼϋΩσΑ؊൞
Fig. 5.4 Impulse response for path effect with a constant Q.
଎ 5.5 ਔ෨ତջం߿ QȪऒ଎ȫ͂ࡘଚඅ଻Ȫֲ଎ȫ









Fig. 5.6 (Top)  Impulse  responses  of  
path effect fi lter and (bottom) 
pole/zero diagram.
଎ 5.7 (a) २ڙ෨߿ૼ࡙শۼ۾ତ
Fig. 5.7 (a) Impulse response for source time function.
଎ 5.7 (b) ૼ࡙শۼ۾ତ͈ޭ .႟ത෻౾଎
Fig. 5.7 (b) Pole/zero diagram of source time function.
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଎ 5.8 (a) ω-3߿͈ૼ࡙Αβ·Πσ
Fig. 5.8 (a) ω-3 type source spectrum.
଎ 5.8 (b) ω-3߿͈ૼ࡙Αβ·Πσ̥ͣࠗॳ̯ͦͥૼ࡙শۼ
۾ତ
Fig. 5.8 (b) Source time function for ω-3 type source spectrum.
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6. Decimation fi lter - CS5376 
FIR minumin-phase fi lter୭ࠗ࿚ఴ͈डࢃ̱͂̀Ḙ̭̏






ίςϋΈܿ੅ͅܖ̩̿ॠإ͈ reductionͅັଟ̳ͥ digital 















̩۰ౙ̈́ fi lteŕȄ׵ॳ௸ഽ̦௸̞೩ষ͈ FIR fi lter̦ါ
୏̯ͦͥȅ೩ষ͈ sinc fi lter͞֊൲໹޳ fi lter͈အ̈́ౙ੗
̈́ fi lteŕ Filter#1͉ਰ໦̢̥̈́ͥ͘ȅొ̱Ȅஷগఝ֖͈
ΦͼΒͬਰ໦ੰݲ੄ြ͇̞͊̈́ͣ̈́ȅոئͅ੆͓ͥ sinc 
fi lter൝͉Ḙ͈̏အ̈́ Filter#1͈ૄ࠯ͬྖ̹̳ fi lteŕ̜
ͥȅFilter#2͉Ȅ೒ુ 2౲ࢹ଼͂̈́ͥȅFilter#2͈੝౲͉Ȅ
Filter#1́୆̲̹ე͙ͬ equalize̱Ȅఝ֖ٸ͈૞࣢ͬੰݲ









߿ fi lter̞̾̀ͅࡉ͙̠̀͢ḙ͈̏ decimation fi lter͉Ȅ౷
ݩ໤ၑڠ͞Ε΢Ȝ͈͒؊ဥͬ࿒എ̱͂̀ٳอ̯̹ͦ 4ষ
͈ Σ-δ ་಺ܕ CS5371 ͞ CS5372 ͅࢃ௽̳ͥ decimation 
fi lteŕ̜ͥȪ1ΙλϋΥσ߿ CS5371͂ 2ΙλϋΥσ߿
CS5372͈ழ̵͙ࣣͩͥ͢ͅडఱ 4ΙλϋΥσ໦ͬ 1ࡢ͈
CS3576́చ؊̳ͥȫȅCS5376͉Ȅ଎ A.2́া̳̠͢ͅȄ
4౲ࢹ଼̤͂̈́̽̀ͤȄ੝౲͉೩ষ͈ Sinc fi lter͈ chain
̜́ͤȄΧȜΡ;΀ͺ́ࢹ଼̯̞ͦ̀ͥȅ௲̻Ȅ଎ A.1
͈ Filter#1ͅ௖൚̳ͥȅ2౲࿒͂ 3౲࿒̦ FIR fi lteŕ̜ͤȄ
̭̦ͦȄ଎ A.1͈ Filter#2ͅ௖൚̳ͥȅडਞ౲̦Ȅडࣞ
ষତ 3͈ IIR fi lter̞͂̈́̽̀ͥȅ௲̻Ȅ଎ A.1͈ Filter#3
̜́ͥȅ̴͘Ȅ੝౲ͬࢹ଼̳ͥ Sinc fi lter͈ chain͉Ȅ଎
A.1ͅা̳̠͢ͅȄ5೒͈ͤழ̵͙ࣣͩȪ5stageࢹ଼ȫ̦
خෝ̜́ͤȄdecimation ratioͬ 16ȡ 128͈ۼ́಺ା́






fi lter͉̞͂̈́ͣ̈́ȅొ̱ȄSinc1͈ fi lter͈͙̦ఱ̧̈́
decimation ratioͬ঵̻Ȫfi lter͈ಿ̯ͤ͢Ȅdecimation͈
ۼڞ̦ఱ̧̞͈́ȫȄ൝ثഎͅ minimum-phase fi lteṟ͂
̀ե̢ͥȅ࿷͈֚ݣ̞͉Ȅࡢș͈ Sinc fi lter͈ষତ̦Ȅ
n = 4,5,6͈အͅ઀̯̞̭̜͂́ͤȄ႕̢͊Ȅchain͈ಎ͈
Sinc1͈ fi lter͂ Sinc2 ͈ stage5 fi lterͬ΃ΑΉȜΡͅႲࠫ
̱̀ဥ̞̠ͥ̈́͢ાࣣȄ৘ဥഎ߲ͅಁװ̴̦̥ͩͅంह
̳ͥ minimum-phase fi lter͂ࡉ̱̈́̀ओ̱વ̥̠ͤ̈́ͧȅ
̯̀Ȅ2౲࿒ո͈ࣛ 2͈̾ FIR fi lter͂ IIR fi lter͈߸ତ͉Ȅ
PC̥ͣΏςͺσȆεȜΠͬ೒̱̀ͺΛίΟͼΠ̳̭ͥ
̦͂੄ြͥȅ௲̻ȄষତଷࡠȪ2͈̾ FIR fi lter͈ࣣࠗষ
ତ̦ 255ͅଷࡠ̯̞ͦ̀ͥȫͬੰ̞̀Ȅ཰̓ࢰ௵̩̈́͜
digital fi lter - decimation fi lter - ͬහփͅழ͙ષ̬̭̦ͥ͂
੄ြͥḙ̷̏́Ḙ̭͉̏́Ȅ଎ A.2͈ 2౲࿒͂ 3౲࿒͈
FIR fi lter͂डਞ౲͈ IIR fi lter̞̾̀ͅࣉख़̱̠͢ȅඅͅȄ
FIR߿͈ minimum-phase fi lter̦͈̠̓͢ͅං̥ͣͦͥͬ
ਹതഎͅ੆͓̠͢ȅ
2 ౲࿒͈ FIR fi lterȪFIR1 fi lterȫ͉Ȅஜ౲͈ Sinc fi lter 
chain̦೩֖೒ً fi lter͉͂࡞̢Ȅ̷͈೒ًఝ֖̦໹౛͂
̞̭̈́ͣ̈́͂ͬ༞ੲ̳̹ͥ͛ͅ୭̯̹ࠗͦ equalizeṟ͂














ͅȄ೒ુȄFIR1 fi lter͈୭͉ࠗȄ2͈̾ fi lterͬ΃ΑΉȜ
Ρͅ୪௽̳̭࣐ͥ͂ͤͩͦͥ͢ͅȅ௲̻Ȅ๤ڛഎࣞষ͈
anti-aliasing fi lter͂๤ڛഎ೩ষ͈Ȫఝ֖ඤ́ 1͈̾άȜ·
ͬခ̳ͥȫౙ༰଻ fi lter͈͂΃ΑΉȜΡ୪௽̜́ͥȅ̴̞
ͦ͜ȄMatlab͈ gremezխ̞͉ remezͬဥ̞̀୭̯ࠗͦͥȅ







έ΁σΠ̱͂̀ဓ̢̹ͣͦ linear-phase fi lteŕ̜ͥ FIR1
fi lter̥ͣ൳̲૦໙අ଻ͬခ̳ͥ FIR߿ minimum-phase
fi lterͬ୭̳ࠗͥ႕͈͙ͬࣉख़̱̠͢ȅոئḘ࣐̠̏ͦͬ
ίυΈρθ FIR1.m̞̾̀ͅ੆͓ͥȅ
    % FIR1.m
    % Construction of FIR1 minimum-phase fi lter
    clear all
    % Original FIR1 linear-phase fi lter
    M=38; M2=M/2;
    h1=[-3363 -12069 -27056 -43884 -36017 17858 128486 
266726 321261 179350 -228950 -821735 -1280574 -1190828 
-190214 1820850 4419986 6887230 8388607];
    h([1:M2])=h1([1:M2]);
    for k=1:M2
        h(M2+k)=h1(M2+1-k);
    end  
    plot(h)
    title('Impulse response of FIR1 linear-phase fi lter')
    fi gure
    zplane(h,1)
    title('Zero-pole pattern of FIR1 linear-phase fi lter')
    fi gure
    N=4096;
    w=linspace(0,pi,N); 
    s=freqz(h,1,w);
    w1=w/pi;
    plot(w1,20*log10(abs(s)));
    title('linear-phase FIR fi lter [FIR1]');
    xlabel('Frequency (Normalized by Nyquist freq.)');
    ylabel('Magnitude in dB');
    fi gure
    %
    norder=1024; % norder must be a large number as
% compared with M=38
% to put all zero within the unit circle
    for k=1:norder 
       h(k)=0;
    end
    hn2=norder/2;
    for k=1:M2
        h(hn2+k)=h1(M2-k+1);
        h(hn2-k+1)=h1(M2-k+1);
    end         
    plot(h)
     title('Modifi ed impulse response of FIR1 linear-phase fi lter')
     fi gure
     % Construction of FIR1 minimum-phase fi lter
     y=mps(fft(h));
     hh=ifft(y);
     hh=real(hh);
     hhh([1:M])=hh([1:M]);
     plot(hhh)
     title('Impulse response of FIR1 minimum-phase fi lter')
     fi gure
     zplane(hhh,1);
     title('Zero-pole pattern of FIR1 minimum-phase fi lter')
     fi gure
     s1=freqz(hhh,1,w);
     plot(w1,20*log10(abs(s1)));
     title('FIR mimimum-phase fi lter [FIR1]');
     xlabel('Frequency (Normalized by Nyquist freq.)');
     ylabel('Magnitude in dB');
     % End of program
FIR1.m͈ίυΈρθ͉́Ȅड੝ͅȄΟέ΁σΠ̱͂̀
ဓ̢̹ͣͦ linear-phase fi lter͈අಭͬ଎া̳ͥȅ௲̻Ȅ
଎ 6.1ͅ linear-phase fi lter͈߸ତȪͼϋΩσΑ؊൞ȫͬ
া̱Ȅ̷͈ޭ . ႟ത෻౾ͬȄ଎ 6.2̱͂̀া̳ȅౙպ׫
ٸ͈႟ത͉Ȅౙպ׫ͅచ̱̀௖฽̈́պ౾ͅ႟തͬခ̱Ȅ
linear-phase fi lter͈අಭͬা̱̞̀ͥȅ଎ 6.3͉Ḙ͈̏
linear-phase fi lter͈૦໙අ଻̜́ͥȅ
̭͈ FIR1.m͈ࢃ฼໐໦͉Ȅ଎ 6.3́া̯ͦͥ linear- 
phase fi lter͂൳̲૦໙අ଻ͬခ̳ͥminimum-phase fi lterͬ
ݥ͈̜͛ͥ́ͥ͜ȅlinear-phase fi lter̥ͣ minimum-phase 
fi lterͬݥ༹༷͉͛ͥḘ̏ͦ́͘੆͓̹̠͢ͅȄ̞̞ͧͧ
̜̦͂ͥḘ̭͉̏́ȄHilbert་۟ͅܖ༹̩༷̿ͬဥ̞̀
͙̠͢ȅං̹ͣͦ minimum-phase fi lter͈ͼϋΩσΑ؊൞
Ȫfi lter͈߸ତȫ̦Ȅ଎ 6.4͂̈́ͥȅ൚ட͈ম̦̈́ͣȄ଎
6.4ͅা̳ minimum-phase fi lter͈ޭ . ႟ത෻౾͉Ȅ଎ 6.5
͂̈́ͥȅ௲̻Ȅ଎ 6.2͈အͅౙպ׫ٸ̜̹̽ͅ႟ത̦Ȅ଎
6.5͉́ࡉ̜̹̞̭ͣ̈́͂ͅܨ̦̭̠̾ȅ଎ 6.6͉Ȅංͣ












̞ͥ linear-phase fi lter ͈଎া̜́ͥȅ̴͘Ȅ଎ 6.7 ͅ









FIR2.m ͈ࢃ฼͉́Ḙ͈̏ linear-phase fi lter ͅచ؊̳
ͥ minimum-phase fi lterͬȄHilbert་۟ͬဥ༹̞༷ͥ́
ݥ̞͛̀ͥȅ̷͈ࠫضȄ଎ 6.11͈အ̈́ͼϋΩσΑ؊൞
ȪFIR ߸ତȫͬ঵̾೩֖೒ً߿ fi lter͂̈́ͥḙ͈̏ FIR߿
minimum-phase fi lter͈ޭ . ႟ത෻౾͉Ȅ଎ 6.12͂̈́ͤȄ
႟ത͉ౙպ׫ඤͅంह̳ͥȅ̹͘Ȅ૦໙අ଻ͬȄ଎ 6.13ͅȄ
̷͈೒ًఝ֖͈́ςΛίσͬ଎ 6.14ͅা̳ḙ͈̏ fi lter͈
߲ಁװඅ଻Ȫgroup delay characteristicsȫ͉ Ȅ଎ 6.15͂̈́ͤȄ
೒ًఝ֖͈́ݷ൲͉଎ 6.16͂̈́ͥȅ
    % FIR2.m
    % Construction FIR2 minimum-phase fi lter dorresponding to
    % the original linear-phase fi lter 
    clear all
    M=126; M2=M/2;
    h1=[-71 -371 -870 -986 34 1786 2291 291 -2036 -943 2985 
3784 -1458 -5808 -1007 7756 5935 -7135 -11691 3531 17500 
4388 -20661 -15960 18930 29808 -9795 -42573 -7745 49994 
33021 -47092 -62651 29702 90744 4436 -109189 -54172 
109009 114154 -81993 -174452 22850 221211 68863 -238025 
-187141 208018 318763 -116005 -443272 -49958 533334 
298975 -553873 -642475 454990 1113788 -137179 -1854336 
-766230 3875315 8388607];
    h([1:M2])=h1([1:M2]);
    for k=1:M2
        h(M2+k)=h1(M2+1-k);
    end
    plot(h)
    title('Impulse response of original FIR2 linear-phase fi lter')
    fi gure
    
    zplane(h,1)
    title('Zero-pole pattern of original FIR2 linear-phase fi lter')
    fi gure
    N=4096;
    w=linspace(0,pi,N); 
    s=freqz(h,1,w);
    w1=w/pi;
    plot(w1,20*log10(abs(s)));
     title('Original FIR linear-phase fi lter [FIR2]');
     xlabel('Frequency normalized by Nyquist freq.');
     ylabel('Magnitude in dB');
     fi gure
     % Construction of FIR2 minimum-phase fi lter
     norder=1024;  % norder must be a large number as compared
% with M to put all zeros within the unit circle
     for k=1:norder  
         h(k)=0;
     end
     hn2=norder/2;
     for k=1:M2
         h(hn2+k)=h1(M2-k+1);
         h(hn2-k+1)=h1(M2-k+1);
     end         
     plot(h)
     title('Modifi ed impulse response of FIR2 linear-phase fi lter')
     fi gure
     y=mps135(fft(h));  
     hh=ifft(y);
     hh=real(hh);        
     hhh([1:M])=hh([1:M]);   
     plot(hhh)
     title('Impulse response of FIR2 minimum-phase fi lter')
     fi gure
     zplane(hhh,1);
     title('Zero-pole pattern of FIR2 minimum-phase fi lter')
     fi gure
     s1=freqz(hhh,1,w);
     plot(w1,20*log10(abs(s1)));
     title('FIR2 mimimum-phase fi lter [FIR2]');
     xlabel('Frequency normalized by Nyquist freq.');
     ylabel('Magnitude in dB');
     fi gure
     Gd=grpdelay(hhh,1,w);
     plot(w1,Gd)
     xlabel('Frequency normalized by Nyquist freq.');
     ylabel('Groupdelay [samples]');
     % End of program
ȁ̯̀Ȅͤ͢઀̯̈́৭౯ਔ෨ତͬခ̳ͥ FIR ߿
minimum-phase fi lter ͬ ݥ ͛ ̀ ͙ ͢ ̠ȅ ί υ Έ ρ θ
mFIR2.ḿ̜ͥḙ͈̏ίυΈρθ͉Ȅड੝Ȅlinear-phase 
fi lterͬ mini-max ༹́୭̳ࠗͥḙ̭͉̏́ȄNyquist ਔ
෨ତ͈ 5 %ͬ৭౯ਔ෨ତ̱͂Ȅ20 %̥ͣஷগఝ֖̦ই
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FIR1 fi lter͂଎ 6.20͈ FIR2 fi lter͈ষତ͉Ḙ͈̏ଷ࿩ͬྖ
̹̳̠͢ͅ୭̯̞ࠗͦ̀ͥȅ
    % mFIR2.m
    % Program for the designing the minimum-phase FIR2 fi lter 
    % for the CS5376 decimation fi lter
    clear all    
    % Setting of original linear-phase fi lter
    % Design of FIR2 linear-phase fi lter by generalized 
    % minim-max method
    FIRorder=132;
    % Filter order
    [b,err,res]=gremez(FIRorder,[0 0.05 0.2 1],[1 1 0 0],[1000
1]);  
    % at 1kHz sampling where Nyquist freq. is 500Hz
    % Pass band is 0-25Hz
    % Stop band is 100-500Hz
    % don't care band is 25-100Hz
    % Plotting of fi lter coeffi cients which is equivalent to
    % the impulse response of FIR2 fi lter
    plot(b)
    title('Impulse response of linear-phase fi lter')
    fi gure
    % Plotting of the gain of FIR2 linear-phase fi lter
    N=2048;
    w=linspace(0,pi,N); 
    h=freqz(b,1,w);
    w1=w/pi;
    plot(w1,20*log10(abs(h)));
    title('linear-phase FIR fi lter [FIR2]'); 
    xlabel('Frequency (Normalized by Nyquist freq.)');
    ylabel('Magnitude in dB');
    fi gure
    zplane(b,1)
     title('Zero-pole pattern of linear-phase fi lter')
     fi gure
     % Construction of minimum-phase fi lter
     % Zero pading for the calculation of Hilbert transform
     % Large length of impulse response
     for k=FIRorder+1:1024
       b(k)=0;
     end
     y=mps140(fft(b));
     hh=ifft(y);
     hh=real(hh); 
     N2=FIRorder;
     hhh([1:N2])=hh([1:N2]);
     plot(hhh)
     title('Impulse response of FIR2 minimum-phase fi lter')
     fi gure
     zplane(hhh,1);
     title('Zero-pole pattern of FIR2 minimum-phase fi lter')
     fi gure
     s1=freqz(hhh,1,w);
     plot(w1,20*log10(abs(s1)));
     title('mimimum-phase FIR fi lter [FIR2]');
     xlabel('Frequency (Normalized by Nyquist freq.)');
     ylabel('Magnitude in dB');
     % End of program
ȁ̯̀ȄFIR1.m͂ FIR2.mͅ۾̳ͥܜ̥͈̾ಕփതͬ੆
͓̤̭̠̀ȅड੝͉Ȅ࡛৘എ̈́࿚ఴ̱͂̀Ȅdecimation 













     % mps.m
     function [H]=mps(H1)      
౷ૼ෨ੜၑဥΟΐΗσȆέͻσΗȽ࿐ئ
Ƚ!61 Ƚ
    h1=ifft(log(clipdb(H1,-100)));
    HH=fft(fold(h1));
    H=exp(HH);
    % End of program
    % mps135.m
    function [H]=mps135(H1)
    h1=ifft(log(clipdb(H1,-135)));
    HH=fft(fold(h1));
    H=exp(HH);
    % End of program
डࢃͅȄCS3576 decimation fi lter͈डਞ౲̜́ͥ 3ষ͈
IIR fi lter͈୭༹ࠗͬ੆͓̠͢ḙ͈̏ fi lter͉ȄΟέ΁σΠ
̱͂̀Ȅ֖ࣞ೒ً fi lter̦ဓ̢̞̦ͣͦ̀ͥḘ̭͉̏́೩
֖೒ً fi lterͅ་̱͙̠۟̀͢ȅ௲̻Ȅ1ষ͈ Butterworth
fi lter͂ 2ষ͈ Butterworth fi lter͈΃ΑΉȜΡ୪௽̥ͣ೩֖
೒ً fi lterͬࢹ଼̱̠͢ȅNyquist ਔ෨ତ͈ 6%ͬ৭౯ਔ
෨ତ̳͈̜͂ͥ́ͥ͜ȅ
ίυΈρθ IIRfi lters.ḿ͉ȄMatlab͈΋ζϋΡ butter




    % IIRfi lters.m    
    % IIR fi lters for the CS5376 decimation fi lter
    ascal=8388607;
    % IIR Butterworth fi lter
    % Filter B(z)/A(z)
    % Lowpass fi lter with a cuttoff frequency of 30Hz
    % Butterworth fi lters
    [b3,a3]=butter(1,30/500); 
    [b4,a4]=butter(2,30/500);
    % Rearrangement of zeros
    z3=roots(b3)*0.998;
    z4=roots(b4)*0.998;
    b3=poly(z3);
    b4=poly(z4);
    % Normalized coeffi cients of IIR fi lters
    b3=ascal*b3; a3=ascal*a3;
    b4=ascal*b4/2; a4=ascal*a4/2;
    % Gain normalization
     % 0dB at DC
     [gain3,freq1]=freqz(b3,a3,4096);
     scale3=1/abs(gain3(1));
     b3=b3*scale3;
     [gain4,freq1]=freqz(b4,a4,4096);
     scale4=1/abs(gain4(1));
     b4=b4*scale4;
     % Pole/zero diagram
     zplane(b3,a3)
     title('Zer-pole pattern of IIR1 fi lter')
     fi gure
     zplane(b4,a4)
     title('Zero-pole pattern of IIR2 fi lter')
     fi gure
     [h3,t3]=impz(b3,a3);
     gain_plot(h3,4096,'1st order IIR')
     fi gure
     [h4,t4]=impz(b4,a4);
     gain_plot(h4,4096,'2nd order IIR')




߿ Butterworth fi lter͈අ଻̦Ȅ଎ 6.24͂଎ 6.25Ȅݞ͍Ȅ଎
6.26͂଎ 6.27ͅȄڎșȄা̯̞ͦ̀ͥȅ଎ 6.24͂଎ 6.26
̦ޭ . ႟ത෻౾଎̜́ͤȄ஠͈̀ޭ͂႟ത̦ౙպ׫ඤͅ
ంह̳ͥ minimum-phase fi lter̞͂̈́̽̀ͥȅ̹͘Ȅ2̾
͈ fi lter͈૦໙අ଻̦Ȅ଎ 6.25͂଎ 6.27̜́ͥȅ
ȁ̤̈́Ȅ1 ষ͈ IIR fi lter ͂ࢃ௽̳ͥ 2 ষ͈ IIR fi lter ͈
fi lter߸ତͬ PC͈ΏςͺσȆεȜΠ̥ͣͺΛίυȜΡ̳







Fig. 6.1 Impulse response of FIR1 linear-phase fi lter.
଎ 6.2 FIR1஌ࠁպ௖έͻσΗ͈ޭ .႟ത෻౾଎
Fig. 6.2 Pole/zero diagram for FIR1 linear-phase fi lter.
଎ 6.3 ଎ 6.1͈ͼϋΩσΑ؊൞ͬခ̳ͥ FIR1஌ࠁպ௖έ
ͻσΗ͈૦໙අ଻




Fig. 6.4 Impulse response FIR1 minimum-phase fi lter.
଎ 6.5 FIR1ड઀պ௖έͻσΗ͈ޭ .႟ത෻౾଎
Fig. 6.5 Pole/zero diagram of FIR1 minimum-phase fi lter.
଎ 6.6 ଎ 6.4͈ͼϋΩσΑ؊൞ͬခ̳ͥ FIR1ड઀պ௖έ
ͻσΗ͈૦໙අ଻




Fig. 6.7 Impulse response of FIR2 linear-phase fi lter.
଎ 6.8ȁ FIR2஌ࠁպ௖έͻσΗ͈ޭ .႟ത෻౾଎
Fig. 6.8 Pole/zero diagram of FIR2 linear-phase fi lter.
଎ 6.9 ଎ 6.7͈ͼϋΩσΑ؊൞ͬခ̳ͥ FIR2஌ࠁպ௖έ
ͻσΗ͈૦໙අ଻
Fig. 6.9 Magnitude response of FIR2 linear-phase fi lter.
౷ૼ෨ੜၑဥΟΐΗσȆέͻσΗȽ࿐ئ
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଎ 6.10 ଎ 6.9ͅা̳૦໙අ଻͈મळ೒ًఝ֖
Fig. 6.10 Pass-band detail of magnitude response shown in Fig.6.9.
଎ 6.11 FIR2஌ࠁպ௖έͻσΗ͈ޭ .႟ത෻౾଎
Fig. 6.11 Impulse response of FIR2 minimum-phase fi lter.
଎ 6.12 FIR2ड઀պ௖έͻσΗ͈ޭ .႟ത෻౾଎
Fig. 6.12 Pole/zero diagram of FIR2 minimum-phase fi lter.
ཡबشڠܿ੅ࡄݪਫ਼ࡄݪ༭࣬ȁల 66࣢ȁ2004ා 9࠮
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଎ 6.13 ଎ 6.11͈ͼϋΩσΑ؊൞ͬခ̳ͥ FIR2ड઀պ௖
έͻσΗ͈૦໙අ଻
Fig. 6.13 Magnitude response of FIR2 minimum-phase fi lter.
଎ 6.14 ଎ 6.11ͅা̳૦໙අ଻͈મळ೒ًఝ֖
Fig. 6.14 Pass-band detail of magnitude response shown in 
Fig.6.11.
଎ 6.15 ଎ 6.7͈ͼϋΩσΑ؊൞ͬခ̳ͥ஌ࠁպ௖έͻσ
Η͈߲ಁװ
Fig. 6.15 Group delay of linear-phase fi lter.
౷ૼ෨ੜၑဥΟΐΗσȆέͻσΗȽ࿐ئ
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଎ 6.16 ଎ 6.11͈ͼϋΩσΑ؊൞ͬခ̳ͥड઀պ௖έͻσ
Η͈߲ಁװ
Fig. 6.16 Group delay of minimum-phase fi lter.
଎ 6.17 FIR2஌ࠁպ௖έͻσΗ͈ͼϋΩσΑ؊൞
Fig. 6.17 Impulse response of custom FIR2 linear-phase fi lter.
଎ 6.18 ଎ 6.17͈ͼϋΩσΑ؊൞ͬခ̳ͥ FIR2஌ࠁպ௖
έͻσΗ͈ޭ .႟ത෻౾଎
Fig. 6.18 Pole/zero diagram of custom FIR2 linear-phase fi lter.
ཡबشڠܿ੅ࡄݪਫ਼ࡄݪ༭࣬ȁల 66࣢ȁ2004ා 9࠮
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଎ 6.19 ଎ 6.17͈ͼϋΩσΑ؊൞ͬခ̳ͥ FIR2஌ࠁպ௖
έͻσΗ͈૦໙අ଻
Fig. 6.19 Magnitude response of custom FIR2 linear-phase fi lter.
଎ 6.20 FIR2ड઀պ௖έͻσΗ͈ͼϋΩσΑ؊൞
Fig. 6.20 Impulse response of custom FIR2 minimum-phase fi lter.
଎ 6.21 ଎ 6.20͈ͼϋΩσΑ؊൞ͬခ̳ͥ FIR2ड઀պ௖
έͻσΗ͈ޭ .႟ത෻౾଎




଎ 6.22 ଎ 6.20͈ͼϋΩσΑ؊൞ͬခ̳ͥ FIR2ड઀պ௖
έͻσΗ͈૦໙අ଻
Fig. 6.22 Magnitude response of custom FIR2 minimum-phase
fi lter.
଎ 6.23 ଎ 6.21ͅা̯̹ͦ૦໙අ଻͈મळ೒ًఝ֖
Fig. 6.23 Pass-band detail of magnitude response shown in
Fig.6.21.
଎ 6.24 1ষ IIR߿ΨΗȜχȜΑ೩֖೒ًέͻσΗ͈ޭ .႟
ത෻౾଎
Fig. 6.24 Pole/zero diagram of fi rst-order IIR Butterworth fi lter.
ཡबشڠܿ੅ࡄݪਫ਼ࡄݪ༭࣬ȁల 66࣢ȁ2004ා 9࠮
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଎ 6.25 1ষ IIR߿ΨΗχȜΑ೩֖೒ًέͻσΗ͈૦໙අ଻
Fig. 6.25 Magnitude response of fi rst-order IIR Butterworth fi lter.
଎ 6.26 2ষ IIR߿ΨΗȜχȜΑ೩֖೒ًέͻσΗ͈ޭ .႟
ത෻౾
Fig. 6.26 Pole/zero diagram of second-order IIR Butterworth fi lter.
଎ 6.27 2ষ IIR߿ΨΗȜχȜΑ೩֖೒ًέͻσΗ͈૦໙අ
଻





Fig. A.1 Overall fi lter block diagram of decimation fi lter.
଎ A.2 CS5376͈ΟΏιȜΏοϋέͻσΗ
Fig. A.2 Digital decimation fi lter of CS5376.
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̦Ȅ૧̱̞ decimation fi lter̦ݰུ͈͈͂͜ৗഎͅ։̈́ͥ
࿫͉̞͈́̈́́Ȅຈါ̈́ম͈͙ࣜͬັ჏ Ḇ͂̀حຊ̳
̭̱̹ͥ͂ͅȅ૧ݰ͈ decimation fi lteŕྶ̥ͣͅ։̈́ͥ
͈͉Ȅsinc fi lter chain͈໐໦̜́ͤȄ૧̱̞ CS5376Á͉Ȅ
ഥൡഎ̈́ Hognenauer)1981* ͈ CIC )Cascaded Integration 
Com* fi lterͬनဥ̱Ȅఈ͈ιȜ΃̦ FPGAͬဥ̞̀ບث
δȜΡͅழ͙ࣺ̞ͭ́ͥ decimation fi lterͅয̧̞̀̀ͥȅ
CIC decimation fi lter͉Ȅ
͈ z་۟߿۾ତͬ঵̾ fi lteŕ̜ͤȄΧȜΡ;΀ͺ͈ࢹ଼
ͅ೰ບ͈̜͈̜ͥ́ͤ͜ȄFPGAဥ͈ VHDLίυΈρθ
͜ࢩ̩ၠື̱̞̀ͥḙ͈̏ decimation fi lter͉ȄFIR߿ͅ
་̳۟ͥ͂Ȅબྶ͉۰ౙ͈̈́́ၞ̳̦Ȅ૧̱̞ບثδȜ
Ρͅழ͙ࣺ̞͈͉ͦ̀ͥ͘͜ոئ͈အ̈́ͥͅȅ
͈ાࣣȄ6.́੆͓̹ਲြ͈ decimation fi lter )N = 2*
͈အͅȄ৭౯ਔ෨ତ̦ Nyquistਔ෨ତ֚͂౿̱̞̹̈́͛Ȅ
೩ਔ෨ତ֖͈໹౛̯́࿹̞ͦ̀ͥ .ບثδȜΡ͉́Ȅड੝
ͅ ͈ fi lterͬဥ̞Ȅ̷͈ೄࢃͅ N = 2͈ fi lterͬࢃ௽
̵̯̞̠ͥ͂ழ̵͙ࣣͩͬ߫ͤ༐̱̀ဥ̞̀Ȅdecimation
͂ anti-aliasing fi lteṟ͈͂̀࢘ض̞ͬࣞ͛̀ͥȅਲ̽̀Ȅ
૧̱̞ບثδȜΡષ͈ sinc fi lter chain͉ઁ̱ໝॠ̈́̽̀ͅ
̞ͥȅ
7. ̤ͩͤͅ
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